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PREFACE 

The physical characteristics of polymers are largely improved after the 

incorporation of the rigid inorganic fillers (graphene, carbon nanotubes, clay, layered 

double hydroxide (LDH), silica, glass fiber, etc.). It has long been known that the few 

basic properties including mechanical, gas barrier, flame-retardancy, nucleation and 

thermal stability are significantly improved, which make these hybrid nanocomposites 

applicable in numerous material applications. Achieving superior properties of the 

polymer by reinforced inorganic fillers are expected to be dependent on complete 

exfoliation and the interaction between the fillers and polymer. Nevertheless, the 

hydrophobic polymer matrix thermodynamically and kinetically obstructs the 

distribution of the inorganic additives into it, and always results in aggregated 

nanocomposites. In 1989, the Toyota research group (Japan), pioneers in the field of 

nanocomposites, accomplished intercalated nanocomposites which offered the 

substantial improvement in modulus, without loss in impact resistance. However, 

preparation methods of exfoliated nanocomposites with surfactant-free LDH fillers 

remain the key challenge in order to obtain the full potential of properties 

enhancement. Therefore, it is necessary to develop new approaches to achieve 

exfoliated polymer nanocomposites. 

The following general questions arise while understanding the relationship 

between structure, morphology, and physical characteristics of the hybrid 

nanocomposites. What are the thermodynamic driving forces that direct 

intercalation/exfoliation of LDH? How would lateral dimensions of the fillers affect the 
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properties of the resultant polymer nanocomposites? Do the intralayer metal 

constituents of LDH modify the composite’s properties? We tried to address some of 

these questions with the support of experimental evidence in this thesis. In this 

investigation, we have chosen the surfactant-free synthetic clay (LDH) as reinforcing 

inorganic filler. Main advantages of LDH over the natural clay are the greater flexibility 

to tailor the lateral sizes, layer thickness, intralayer metal constituents, gallery anions, 

etc. The thesis comprises of six chapters, of which Chapter 1 is the introduction to 

nanocomposites, LDH and the strategies to obtain highly dispersed polymer 

nanocomposites.  

In Chapter 2, a novel solvent-exchange approach has been developed to 

efficiently exfoliate the hydrophilic LDH in non-polar polypropylene. Larger-sized two-

dimensional (2D)-LDH nanoparticles (∼3−4 μm) were prepared from the gel form of 

Mg−Al LDH, and the smaller-sized 2D-nanoparticles (∼50−200 nm) were prepared by 

sonication of as-synthesized LDH particles. The influence of lateral size and the 

concentration of LDH nanoparticles on the polymer properties were investigated. 

Incorporation of low loadings of sonicated LDH particles (e.g., 1−2.5 wt %) showed a 

substantial effect on thermal stability, spherulite size, crystallinity, and crystallization 

half-time and lamellar morphology of iPP compared to that of nanocomposites with 

larger LDH particles with same loadings. The better nucleation ability of iPP in the 

presence of sonicated LDH can be attributed to the high surface area of LDH 

nanoparticles along with its better dispersibility within the polymer matrix. 

The prime focus of chapter 3 is the preparation of three different-sized 2D-LDH 

(micro, nano, and nanodots), and study their effect on various physical characteristics 
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of the host iPP matrix. A new method was developed to prepare nanodot-LDH by 

treating the as-prepared LDH with dilute acid. This method provided directly 

delaminated LDH sheets with lateral dimensions as low as 10-30 nm and featured a 

thickness of ~1 nm with the same chemical composition. The incorporation of nanodot 

LDH showed a remarkable improvement in the polymer properties with only 1 wt % 

loading. The uniformly dispersed LDH particles have a significant effect on the 

nucleation ability, thermal stability and mechanical properties of iPP. The nucleation 

ability of iPP in the presence of nanodot LDH is the best compared to other iPP 

nanocomposites reported using LDH as fillers in the literature. Furthermore, the 

microstructure of the iPP nanocomposites was systematically investigated at multiple 

length scales in the presence of different-sized LDH, which is a key to understand the 

polymer properties. 

Chapter 4 deals with the influence of the LDH intralayer metal constituents on 

the various properties of iPP/LDH nanocomposites. For that purpose, two-metal LDH 

and three-metal LDH were synthesized and delaminated using the procedures 

developed in chapter 2. The sonicated LDH nanoparticles showed a significant increase 

in the crystallization rate of iPP. However, not much difference in the crystallization 

rate of iPP was observed in the presence of different types of LDH. The dynamic 

mechanical analysis results indicated that the storage modulus of iPP was increased 

significantly with the addition of LDH. The incorporation of different types of LDH 

showed no influence on the storage modulus of iPP. However, considerable differences 

were observed in the flame retardancy and thermal stability of iPP with the type of LDH 

used for the preparation of nanocomposites. Preliminary studies on the flame retardant 
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properties of iPP/LDH nanocomposites using the microscale combustion calorimetry 

showed that the HRR was reduced by 39% in iPP/Co-Zn-Al LDH nanocomposite 

containing 6 wt% LDH, which is higher than that of two-metal-LDH containing 

nanocomposites iPP/Co-Al LDH (24%) and iPP/Zn-Al LDH (31%). These results 

demonstrated that the nanocomposites prepared using three-metal LDH showed better 

thermal and flame retardant properties compared to that of the nanocomposites 

prepared using two-metal LDH. This difference might be due to the better char 

formation capability of three-metal LDH compared to that of two-metal LDH. 

In chapter 5, LDH, CNT and their hybrid CNT-LDH fillers were incorporated with 

iPP using a solution blending method to prepare highly dispersed polymer 

nanocomposites. Through a systematic examination, we found that the CNT dispersed 

nanocomposites exhibited superior nucleation and temperature-dependent viscoelastic 

behavior, over the LDH and CNT-LDH filled nanocomposites. Unlike those two physical 

characteristics (nucleation and dynamic mechanical performance), the hierarchical 

CNT-LDH filled polymer nanocomposites showed improved flame-retardancy and 

thermal degradation behavior, even with a small fraction of the filler. Upon addition of 

the 2 wt% CNT-LDH filler, thermal degradation stability (44 °C) and flame-retardancy 

(59%) of the iPP has been improved considerably compared to the CNT and LDH 

reinforced nanocomposites. The LOI values also enhanced significantly, and the 

maximum improvement was observed for the 10 wt% iPP/CNT-LDH nanocomposites 

(26 %). The synergistic effect of CNT and LDH helps in improving the thermal stability 

and flame-retardancy of the hierarchical iPP/CNT-LDH nanocomposites. The formed 

hierarchical CNT-LDH jammed networks in polymer matrix act as an effective catalyst 
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to generate larger amounts of residual carbon char, and it forms a protecting layer over 

the surface. This protecting layer helps in delaying the heat and flammable gas release 

and thus makes the iPP/CNT-LDH nanocomposite a potential flame-retardant and 

thermally stable material. 

The sixth chapter summarizes the thesis work, highlighting the influence of lateral size 

and intralayer metal constituents of LDH on the properties of polypropylene. LDH 

nanodots were found to exhibit superior properties compared to that of micro-sized 

and nano-sized LDH. Three-metal LDH showed better flame retardant properties 

compared to that of the two-metal LDH. Hybrid materials of CNT and LDH showed 

promising results on the flame retardancy of the polypropylene. 

 



 

                                                             Chapter-1 

 

Introduction: Hybrid Polymer Nanocomposites

 

 

1.1.  Introduction 

IUPAC defines a composite as a material containing multiple phases in which at 

least one of them is a continuous phase. When the different components (filler and 

matrix) are mixed, the components will retain their individual identities, and both will 

directly influence the final properties of the composite.1, 2 A “nanocomposite” is a 

composite material with the key difference that at least one of the dimensions of any of 

the phases will be in the nanometers length scale.1, 3 These novel materials promise new 

applications by exploiting the unique synergisms between constituents that only occur 

when the length scale of the morphology and the critical length associated with the 

fundamental physics of a given property coincide. We can consider nanoscience and 

nanotechnology as a revolutionary science in the multidisciplinary areas combining 

chemistry, physics, material science, electronics and bio sciences.2, 4-7 

 Polymer nanocomposites (PNC), comprising a polymer, which is the major part 

and reinforcing (rigid phase) material of nanometer range has drawn much attention 

from both academia and industry, over the few years. In PNC, the combination of two 

separate phases gives a novel multifunctional polymeric material which retains the 

inherent advantages of the polymer such as the processability with the added 

advantages of the rigid inorganic fillers such as enhanced thermal and mechanical 

stability, flame retardancy, etc.1, 5, 7-11 PNCs represent an alternative to conventional 

filled polymers or polymer blends. 
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As the 21st century unfolds, the development in science and nanotechnology 

allowed researchers to better understand the structure-property relationship in 

polymeric composite materials.3, 5, 12 Commercial polymer nanocomposites were first 

prepared by Toyota research group by the solution polymerization of caprolactam in 

the clay galleries. Later on, this product was marketed by UBE Industries and Bayer. 

Currently, these nylon 6-based nanocomposites are used to make belts for Toyota car 

engines and also for the production of packaging films.4, 13 

Different Fillers used in Polymer Nanocomposites: Depending on the dimensions of 

the particles are in the nanometer range, particles can be categorized into three types. 

When all the dimensions are in the order of nanometers, they are called zero 

dimensional (0D) nanoparticles, such as fullerene nanoparticles, nanoclusters, etc. If 

two dimensions of the particles are in the nanometer range and the third one is larger, 

it is called one-dimensional (1D) nanotubes or nanowhiskers, which usually form an 

elongated structure, for example, carbon nanotubes and carbon nanofibers.7, 14, 15 On the 

other hand, if only one dimension is in the order of nanometer range, it is called two-

dimensional (2D) nanomaterials.16, 17 In this case the particles are present in the form of 

sheets of few nanometer thick to hundreds to thousands nanometer long, for example, 

graphene.16, 18 All these types of inorganic fillers have been utilized by researchers and 

the various thermal, mechanical and other impacts of these on the polymer properties 

were understood.5, 10 

Among the nanofillers, the 2D nanofillers stands as a peculiar one, which can 

alter the polymer properties even when added in very small quantity.10, 14, 17, 18 In these 

materials, the thicknesses of the sheets will be in the nanometer length scale, whereas 

the lateral dimensions will vary from nanometers to micrometers. When these 

nanometer thick sheets are uniformly dispersed into a polymer matrix, it is found that 

the enhanced surface area of these materials drastically alters the polymer physical 

properties.10, 17 Graphene is the most studied 2D material, containing a one atom thick 

layer of carbon atoms, which when incorporated into a polymer, increases its 

mechanical and thermal stability along with the increase in thermal and electrical 

conductivity.16, 18 Some other examples of 2D materials are boron nitride (BN), 
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molybdenum disulfide (MoS2), MXene, layered silicates, layered double hydroxides, 

etc.6, 17-23 

Layered Double Hydroxide (LDH), synthetic clay, in its bulk form is not a 2D 

material, since this contains stacked lamellas of hundreds of layers, but can be 

converted to 2D material of ~1 nm thickness by different delamination approaches.24-26 

LDH has received considerable attention as multifunctional filler in the polymer 

industries in the last few decades, especially due to the flexibility to tune the lateral 

sizes, layer thickness, intralayer metal composition ratio, gallery anions, etc.6, 27-29 

Large varieties of polymers such as polyolefins [polyethylene, polypropylene, 

poly(ethylene-co-vinyl acetate) (EVA), ethylene propylene(dienemethylene) (EPDM) 

and poly (1-butene), vinyl polymers [poly(methyl methacrylate) (PMMA), poly(styrene) 

(PS), poly(ethylene vinyl alcohol) (PVA), poly(vinylidene fluoride) (PVDF)], 

condensation (step) polymers like [nylon-6, poly(1-caprolactone) (PCL), poly(ethylene 

terephthalate),  polyurethane (PU), epoxy polymer resins (EPR), polysulfone (PS), 

poly(lactic acid)] and specialty polymers [N-heterocyclic polymers like polypyrrole 

(PPY), polyaniline (PANI)] have been used for the preparation of polymer 

nanocomposites with different LDH.6, 25, 30, 31 However, LDH is suitable only for few 

categories of the polymers including polyolefins and some of the vinyl polymers, which 

can significantly enhance the overall performance.32-35 On the other hand, for some 

other polymers, for example, polyesters and polyamides, the addition of LDH causes no 

effect or sometimes even negative effects on the polymer properties like thermal 

stability, crystallization etc.31, 36-38 

1.2. Isotactic Polypropylene (iPP) 

Polypropylene was discovered in the year 1950.39, 40 Structurally, PP is a vinyl 

polymer, with a repeating unit of –[CH2-CH(CH3)]n–, and it is prepared by the 

polymerization of high-purity propylene gas in the presence of a Ziegler-Natta catalyst. 

By controlling the stereoregularity, it is feasible to generate atactic, syndiotactic and 

isotactic PP. Particularly, a lot of work has been done with the iPP in the field of 

material science, and it was established like a commodity thermoplastic material. The 

commercial importance of iPP is due to many aspects like their physical characteristics, 
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low material cost, high production rate, availability, etc. The general physical 

characteristics of iPP are tabulated in (Table 1.1).41 

Table 1.1: Physical characteristics of polypropylene (isotactic).41-43 

S.No Physical characteristics Value 

1.  Glass transition temperature (Tg) -10 to 10 °C 

2.  Melting temperature (Tm) 160-175 °C 

3.  Softening point 140-160 °C 

4.  Melt crystallization temperature (Tmc) 105-120 °C 

5.  Density 0.89-0.92 g/cm3 

6.  Young’s Modulus 1300 -1800 N/mm² 
(at room temperature) 

7.  Melt Flow Index (MFI)                3-35 g/10 min. 
8.  Decomposition temperature 350-450 °C 

9.  Limiting oxygen index (LOI) 16-17.5 (%) 

10.  Heat of combustion 44 (kJ/g) 

11.  Moisture regain <0.1 (%) 

 

The commercial importance of iPP arises from its solid-state organization or 

structural feature which makes superior physical characteristics. It is important to note 

that iPP exhibits complex polymorphic behavior with five different forms:  

(monoclinic),  (trigonal),  (orthorhombic), δ-phase and smectic phase.43 These forms 

are extremely sensitive to the external factors such as processing conditions and 

foreign additives. Different crystalline phases of iPP lead to dissimilar mechanical and 

optical properties. The -phase is the best known and most stable form of the 

commercial grades of iPP. It is found mostly in melt crystallized specimens, especially 

with the addition of  nucleating agents (NA).42 Even though iPP has widespread 

applications, the limited impact strength, low Tg (-10 to 10 °C), poor crystallization rate 

and high flammability nature reduces its broader utilization as an engineering plastic.11, 

14, 44, 45 To improve certain physical properties and to meet the requirements of specific 
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applications a wide number of nanofillers have been incorporated into the matrix of 

iPP.7, 11, 14 

1.3.  Layered Double Hydroxides (LDH) 

LDH are clay like multilayered materials that exhibit unique physical and 

chemical characteristics, similar to those of the natural clay minerals. They usually 

comprise of inorganic lamellar compounds with the high capacity for anion 

intercalation. It has been known for the last 150 years, since the discovery of the 

mineral hydrotalcite.46-48 It was synthesized 100 years later by Feitknechtin et al. for 

the first time and they determined the stoichiometry of hydrotalcite 

[Mg6Al2(OH)2]CO3.4H2O.49-51 Later, Allmann et al. explained the structural features of 

LDH by employing single crystal X-ray diffraction technique. 48, 52 

Structure of Layered Double Hydroxides 

The basic layered structure of LDH is comparable to that of the brucite 

[Mg(OH)2] structure. In a brucite layer, each magnesium ion is octahedrally surrounded 

by six hydroxide ions. These octahedral units form infinite layers by edge-sharing with 

the hydroxide ions sitting perpendicular to the plane to form the two-dimensional layer. 

The structure of hydrotalcite was obtained by the substitution of a fraction of divalent 

cations in a brucite structure by trivalent cations.  

                                    

Figure 1.1. Three directional structure of layered double hydroxide (LDH). 
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The substitution is made in such a way that the layers attain a net positive 

charge, which is compensated by the intercalated anions and water molecules between 

the layers in the gallery space. The LDH structure results from the stacking of brucite-

like layers containing extra positive charge due to the partial substitution of M2+ by M3+. 

This excess positive charge is balanced by weakly bounded exchangeable anions, which 

is located in the interlayer region through hydrogen bonding along with the water 

molecules.25, 26, 53, 54 

LDH general formula: [M(II)1- x M(III)x(OH)2]x+[An-x/n]x-.mH2O 25, 53 

The above-mentioned formula describes the chemical composition of LDH; where 

M(II) and M(III), represents the divalent ( Co2+, Zn2+, Mg2+, Ni2+, etc.,) and trivalent 

(Ga3+, Fe3+, Al3+, etc.,) metal ions, respectively. “A” is the interlayer anion with charge n, 

x is the fraction of the divalent cations to trivalent cations and m is the number of water 

molecules. The value of x lies in the range 0.2 - 0.35, and if the values are outside this 

range, that will give compounds with different structures. The identity and the relative 

proportions of the di- and trivalent cations with ionic radius in the range of 0.50 to 0.74 

Å atomic radius, as well as the interlayer ions can be varied, which can give a large 

variety of materials. The M2+ ions occupy alternate layers of octahedral sites while OH- 

ions are hexagonally close packed in which the metal ions are coordinated to OH- ions 

to form indefinite 2D layers. The net positive charge present on the basal hydroxide 

layers is compensated by the intercalation of An- ions into the interlayer along with 

water molecules. The basal spacing in brucite structure is about 0.48 nm, whereas the 

LDH exhibits basal spacing about 0.77 nm, attributed to the existence of the anions and 

water molecules in the gallery space.24, 53 

1.4.  Strategies for the Preparation of LDH  

For obtaining the LDH, several key parameters must be considered, e.g., the cation 

substitution ratios of M2+ by M3+, the atomic radius of the cations (0.5-0.76 Å), nature of 

cation and gallery anion, solution pH, etc. In addition to this, the following factors such 

as concentration, base strength (strong or weak base), the rate of addition of one 

solution over the other, stirring rate, final pH of the resulting suspension, pH during the 



Hybrid Polymer Nanocomposites 

 

  7 
 

addition of base, reaction time and temperature, etc. have to be controlled. All these 

parameters influence the lateral size, symmetry, layer thickness, crystallinity, and 

gallery anion of the final LDH.27, 47, 53 

Numerous strategies have been developed for the synthesis of LDH in the past 

two decades. Those approaches are majorly divided into two classifications:  direct and 

indirect synthesis.27, 47 

1.4.1. Direct Synthesis: This includes coprecipitation or salt-base approach, 

hydrothermal synthesis, induced hydrolysis, sol-gel, salt-oxide, and electrochemical 

preparation.27, 47, 55  

Coprecipitation Method: The LDH preparation by coprecipitation method at constant 

pH is the most commonly used approach, which can provide phase pure LDH in 

acceptable product yields. In this approach, mixed metal salts containing both M2+ and 

M3+ are firstly taken in a reaction vessel. The basic (NaOH or KOH or NH3) solution is 

continuously added to keep the pH constant (pH=10-12). Frequently, the 

coprecipitation method is carried out at room temperature, in the presence of strong 

bases such as NaOH, KOH or NH3. On the other hand, in the presence of weak bases 

(such as urea, HMT), the reaction is performed at higher temperatures (60-125 °C). 

Even though it is a slow hydrolysis process, it can produce highly crystalline, phase 

pure LDH compared to strong bases.  

Hydrothermal Synthesis Method: Hydrothermal method usually involves heating the 

sample in gold or silver capsule or stainless steel under the high pressure ranging from 

10 to 150 MPa at temperatures above 120°C.  The high pressure and temperature 

treatment results in the formation of highly crystalline and uniform particle sized LDH. 

Sol-Gel Method: The sol-gel method is based on the hydrolysis and condensation of the 

molecular precursors. This method involves the hydrolysis of the desired metal 

precursors such as inorganic salts or metal organic compounds in the aqueous solution 

or organic solvent at ambient conditions to produce polymeric or particulate sol. 

Insoluble salts are hydrolyzed either by supplying heat to the sol mixture or by using an 

appropriate solvent. An appropriate amount of acid or base can be added to the sol 

mixture during hydrolysis to facilitate precipitation.  
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1.4.2. Indirect Synthesis: This method involves simple anion exchange, reconstitution 

of calcined material, and anion exchange using double phase with salt formation within 

surfactants, etc.47, 55 

Regeneration Method: This method is based on the “memory effect” of some of the 

LDH. The LDH with carbonate anion is the most often used precursor, due to its 

behavior during calcination. Calcination is performed at the proper temperature to 

break the hydroxyl groups partially from lamellae and convert interlamellar anion into 

volatile, forming a double oxyhydroxide. After calcination, a solution containing the 

anion of interest is added, regenerating the LDH by hydrolysis with the new 

intercalated anion. Generally, pH is raised during the regeneration process, so it must 

be corrected to avoid hydroxyl groups occupying the interlayer space. 

1.4.3. Surfactant Modification of LDH: LDH is hydrophilic in nature and is considered 

unsuitable for hosting non-polar organic macromolecules without prior surface 

treatment. Interlayer anions can be exchanged with organic anions to obtain 

organophilic LDH, which can expand interlayer spacing and more readily produces a 

polymer/LDH nanocomposite by intercalation or exfoliation.6 Traditional anion 

exchange approach was used for LDH surface modification. According to Leroux et al. 

the anion exchange capacity (AEC) depends on many parameters including metallic 

cation ratio, molecular mass, size of the anion, etc.23 Therefore, it is possible to 

intercalate a wide variety of anionic surfactants with different sizes. The sodium based 

surfactants such as acetate, lactate, dodecyl sulfate, sodium dodecyl benzene sulphonate 

and oleate are traditionally used to expand the d-spacing from 0.75 to 3.5 nm. 

Generally, the LDH-nitrate form is commonly used for the ion exchange reactions; 

however, it is more difficult in the case of LDH-carbonate form.6, 24, 25 

1.4.4. Structure and Morphology of LDH 

The LDH structure formation, relative crystallinity, surfactant modification as 

well as basal plane distances can be examined by X-ray powder diffraction (XRD).53 XRD 

shows 00n order peaks related to the lamellae stacking sequence. Other than the 00n 

peaks, higher 2θ reflections are considered to be the non-harmonic related to the in 
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plane structure. For LDH, diffraction peak indexing is done by comparing with 

hydrotalcite diffraction pattern. To determine LDH gallery anionic species orientation, 

interlayer baseline spacing values from XRD data are compared with anion sizes. 

Interlayer distances can be calculated from the 2θ values by Bragg’s equation (nλ 

=2dsinθ).24 The presence of LDH gallery anion species can be easily identified with the 

help of FTIR. Generally, inorganic anion species can be found in the fingerprint region 

(500-1500 cm-1), whereas the organic anions exhibit peaks in both fingerprint and 

functional group regions. A common broadband can be found in all the LDH in the 

region 3800-2500 cm-1, which is the characteristic peak of O-H stretching of hydroxyl 

groups in the lamellae structure and water molecules in the gallery.24 The 

morphological features of LDH such as size, shape and thickness can be varied with 

respect to the preparation method and chemical composition, and those changes can 

easily understand by microscopic techniques such as scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM).6, 

24 

1.5. General Delamination Approaches for Layered Materials (LM) in Liquid Phase 

Liquid phase delamination or exfoliation of layered materials is an interesting 

route for producing thin platelets with a thickness of a few atomic layers.16, 17, 24 The LM 

consist of two-dimensional (2D) nanosheets with strong covalent and metallic bindings 

within the individual layer and weak out of plane (c-axis) noncovalent interaction 

forces.17, 56 Such LM can be converted to thin nanomaterial by shearing or mechanical 

agitation method, and the process is called “exfoliation” or “delamination”.17, 18, 57, 58 The 

exfoliated nanomaterials exhibit extraordinary physical and chemical properties, which 

include accessible surface area, tunable electronic band gap, photo physical properties, 

etc., unlike their bulk precursors.16-18, 20 The synthesis of nanosized 2D-LM can be 

classified into two categories: (1) bottom-up and (2) top-down.6, 17 Among these two 

methods, the “top-down” approach is the widely used one since it is simple and 

scalable. Therefore, it is important to discuss general delamination approaches of LMs 

by the top-down approach in detail. The top-down approach is again subdivided as (a) 
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intercalation (b) ion exchange and (c) direct sonication approaches, as shown in Figure 

1.2.17, 56 

 

Figure 1.2. Schematic representation of the liquid phase exfoliation of various layered 

materials (a) intercalation (b) ion exchange (c) direct sonication assisted delamination. 

 (a) Intercalation: Ions are intercalated between the layers in a liquid environment by 

swelling the crystal and weakening the interlayer attraction. Then, agitation is applied, 

(such as shear, ultrasonication, or thermal) which can completely separate the layers, 

resulting in an exfoliated dispersion. 

 (b) Ion Exchange: Some layered compounds contain ions between the layers to 

balance the surface charge on the layers. These ions (red spheres in Figure 1.2b) can be 

exchanged in a liquid environment with other, often larger ions (yellow spheres in 

Figure 1.2). As in intercalation, agitation results in an exfoliated dispersion.  

(c) Sonication Assisted Exfoliation: The layered material is sonicated in an 

appropriate solvent, resulting in delaminated nanosheets. The “good” solvents are those 

with appropriate surface energy, where the exfoliated nanosheets are stabilized for the 

long duration. Reaggregation and sedimentation will occur rapidly, in the presence of 

“bad” solvents. Therefore, the solvent selection is one of the key aspects to stabilize the 

2D nanosheets in the liquid medium. 
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1.6. Liquid Phase Exfoliation and Exfoliation Mechanism of LDH 

The process of LDH delamination or exfoliation method comes under the ion 

exchange approach, as we discussed in the general LM delamination approaches.6, 25 

Exfoliation of LDH is an interesting route for generating positively charged thin 

platelets with the thickness of a few atomic layers, which can be used as multifunctional 

additives for polymers. However, achieving 2D-LDH nanosheets is extremely difficult 

unlike any of the other lamellar layered materials. This is due to the high charge density 

and the high anion content, which results in strong interlayer electrostatic interactions 

between the sheets. In addition, the hydrophilic nature and extensive interlamellar H-

bonding networks also lead to a tight stacking of the lamellae. Therefore, to successfully 

delaminate LDH into nanosheets, extensive research has been conducted in the past 

two decades.6, 17, 24, 25, 59 The exfoliation of the LDH is classified into three generations on 

the basis of the delamination environment as discussed below. 

Generation-І (From 1999 to 2004): For the first time complete delamination 

of LDH was reported by Adachi-Pagano et al. in 1999.60 In their study, they 

demonstrated the total delamination of the Zn−Al LDH-DDS in butanol solvent. The 

prime requirement of LDH surfactant modification is to introduce aliphatic tails of DDS 

which simultaneously enlarges interlayer distance and weakens the brucite interlayer 

forces. Mechanical agitation of such modified LDH in a highly polar solvent leads to the 

delamination of LDH. The detailed exfoliation mechanism will be discussed in the later 

section. Later many reports have appeared with other solvents including water, 

methanol, ethanol, propanol, octanol, etc.6 

Generation-ІІ (From 2004 to 2012): In 2005, Li et al. developed a single step 

approach for the liquid phase exfoliation of the LDH.61 In their study Mg-Al LDH-NO3 

was used instead of surfactant intercalated LDH and they successfully exfoliated LDH in 

formamide solvent for the first time. Subsequently, single step approach has been 

expanded to many other LDH, with different metal constituents (divalent or trivalent) 

and gallery inorganic anions. Liu et al. studied the delamination of Co-Al LDH 

intercalated with a variety of inorganic gallery anions including NO3−, Cl-, ClO4−, CO32-, 

SO42-, PO43-, and they found that most of this intercalated LDH exhibited a delamination 
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behavior in formamide.24 Among them, LDH in the nitrate form was found to have the 

best delamination yields.6, 24 

 

Figure 1.3. Schematic illustration of different LDH delamination processes.  

Generation-ІІІ (From 2012 to till date): The first two generations were mainly 

focused on the use of polar hydrophilic solvents, whose applications were limited to 

hydrophilic medium. In order to extend it to the hydrophobic medium (non-polar 

medium); current generation is mainly focusing on the hydrophobic solvent assisted 

LDH delamination. Recently, O’Hare and co-workers developed a novel solvent 

exchange approach that is the aqueous miscible organic solvent treatment (AMOST), in 

which the freshly prepared LDH was repeatedly washed with acetone as aqueous 

miscible organic solvent followed by dispersion in hydrophobic xylene solvent.33, 62 The 

modified solvent exchange treatment helps to remove the water molecules, and the 

surface gets modified into hydrophobic, which leads to stable dispersion of LDH in 

hydrophobic solvents. 
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 Mechanism for Delamination of LDH 

The LDH delamination is likely to happen in two stages as shown in proposed 

schematic illustration: swelling (stage-1) followed by exfoliation (stage-2). When a 

certain amount of formamide solvent is added to LDH, it replaces some of the water 

molecules instantaneously, and produces a highly swollen phase with a large gallery 

distance, as shown in Figure 1.4. The main driving force for the replacement of the 

water is that the formamide solvent molecules are able to form strong hydrogen bonds 

with LDH. Apparently, DMF solvent may break the intra and intermolecular H-bonding 

network among the hydroxyl slabs, the interlayer water molecules, and anions. As a 

result, it can readily penetrate into the LDH gallery and produces a loosely packed and 

swollen phase. The mechanical agitation or ultrasonic treatment of the swollen phase 

results in the exfoliation of LDH.24, 26, 61, 63 

 

Figure 1.4. Schematic illustration of the liquid phase exfoliation of the LDH in nonpolar 

solvents. 

1.7.  Hybrid Polymer/LDH Nanocomposites  

 Development of polymeric nanocomposites towards specific application is an 

important projection in industry and research sectors for the last two decades.64 On 

material development side it is needed to achieve the specific properties like 

mechanical stability, flame retardancy, gas permeability, thermal and electrical 

conductivity, UV stability etc.7-9, 11, 13, 14, 64 Compared to natural clays, LDH  has better 

structural homogeneity, freedom to tailor several varieties of compounds with different 

geometries using different metal compositions and the ability to tune the properties 

while synthesis for the specific application.6, 28, 31, 65-67 The properties of reinforced LDH 

nanocomposites are decided by the crystalline geometry of layers along with the 
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different intercalated anions and interactions of the interlayer anions with polymeric 

chain.31, 65, 67 Also the performance of the final composites is greatly affected by the 

dispersion of the nanometer thick layers within the host matrix.33, 65 

1.7.1. Different Strategies for the Preparation of Polymer/LDH Nanocomposites 

1.7.1.1. Polymer/Surfactant Modified LDH Nanocomposites  

Depending on the availability of raw materials (LDH, polymer or monomer), LDH can be 

incorporated into the polymer matrix by four major approaches: (a) in situ 

polymerization (b) melt-processing (c) solution blending, and (d) pre-exfoliation 

followed by mixing.1, 13, 25 

(a) In situ Polymerization: In this approach, LDH is directly added into a monomer 

solution or monomer and solvent mixture, which leads to the swelling of the LDH. 

Polymerization can be initiated either by heating or UV-light irradiation or appropriate 

initiator addition. Tanaka et al. for the first time (in 1989), synthesized the acrylate 

anions (monomer) intercalated Mg−Al LDH, with the purpose of preparing the 

polymer/LDHs nanocomposites.68 The monomer intercalated LDH was preheated 

above 80 °C in the presence of an initiator, thereby the intercalated acrylate anions got 

polymerized to form LDH/polyacrylate nanocomposite. Later, a similar approach has 

been employed to synthesize different type of LDH/polymers nanocomposites. Qiu et al. 

used initiator-modified LDH for the preparation of exfoliated LDH/polystyrene 

nanocomposites, by an in situ ATRP technique.69 In some other reports, the emulsion 

polymerization technique was employed for the synthesis of homogenously dispersed 

Zn-Al LDH/polystyrene nanocomposites, in the presence of surfactants (N-lauroyl-

glutamate) and hexadecane mixture.6 

(b) Melt Processing: This approach involves high-temperature treatment and shear 

effect. The polymer and filler are mixed above the softening point of the polymer. The 

greater advantages of melt compounding approach over either of the in situ 

polymerization or polymer solution intercalation are the environmental friendliness 

and cost-effectiveness. Moreover, it is a very simple and industrially viable method for 

the bulk scale production. However, getting the completely exfoliated nanocomposites 

by melt mixing approach is always difficult, compared to any other methods since the 
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LDH are having strong electrostatic interaction between the layers and gallery anions 

and hydrophilic nature.8 

(c) Solution Blending:  In the solvent based approach, a solvent that has the capability 

to dissolve the selected polymer and swell the layered material rapidly is used. Initially, 

the layered materials are swollen in the solvent followed by adding the polymer or 

polymer solution and subjected to appropriate heating with continuous stirring, which 

results in the formation of highly dispersed nanocomposites. The solvent based 

approach was often used for water soluble polymers such as PVA, PEO, etc. Later it has 

been extended to the other polymers also which are soluble in solvents such as toluene, 

xylene, chloroform, tetrahydrofuran (THF), etc. 

Qu and co-workers were the first to report a series of exfoliated polymer/LDH 

nanocomposites, such as PE-g-MA/Mg−Al LDH, LLDPE/Zn−Al LDH, and PMMA/Mg−Al 

LDH nanocomposites in the presence of the xylene.69-71 However, the LDH surface and 

polymer backbone were functionalized with the surfactants and hydrophilic functional 

groups, respectively. That surface modification led to the better adhesion between the 

polymer and LDH. Complete delamination of the LDH is possible with this technique by 

considering a few key aspects like solvent parameters, reducing the LDH content, 

refluxing time, and precipitation rate.25, 70 

(d) Pre-exfoliation Followed by Dispersion into Polymer: In this approach, the 

initial step involves the pre-exfoliation of multilayered material which is followed by 

mixing of the polymer to form a well dispersed polymer/filler nanocomposites. Since 

the layered fillers are completely exfoliated, the “pre-exfoliation followed by dispersion 

into polymer” always end up with the real polymer/filler nanocomposites, unlike any 

other synthesis approaches.6, 25 With the growth of the LDH exfoliation technologies, 

numerous approaches have been developed for the preparation of polymer/LDH 

nanocomposites by pre-exfoliated LDH nanosheets. For the first time, O’Leary et al. 

reported that the Mg−Al LDH-DDS exfoliated in acrylate monomers medium under 

high-speed stirring, followed by polymerization of the acrylate monomers/LDH 

suspensions to give the exfoliated polymer/LDH nanocomposites.72 Later, Li et al. used 

a similar approach for the synthesis of PMMA/Mg−Al LDH nanocomposite.73 
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1.7.1.2. Polymer/Surfactant-Free LDH Nanocomposites                                                     

A large number of approaches have been reported for the preparation of 

exfoliated nanocomposites, mainly in the context of surfactant modified LDH. However, 

high level of surfactant loadings could lead to negative impact on costs, processability 

and also possible to inferior thermal properties of the polymer nanocomposites.12 The 

end-use applications of polymer nanocomposites would be greatly expanded with 

surfactant-free materials. 

  Properties of polymer nanocomposites strongly depend on the degree of 

dispersion of LDH in the polymer matrices. Preparation of highly exfoliated polymer 

nanocomposites using LDH is a difficult approach since the thermodynamic and kinetic 

barriers inhibit the dispersion of hydrophilic inorganic nanoparticles in hydrophobic 

polymer matrices and stronger electrostatic interlayer interactions between the LDH 

platelets. 

  Preparation of exfoliated polymer nanocomposites using surfactant-free LDH 

(SF-LDH) is seldom studied. Delamination of SF-LDH in the powder form is a major 

challenge, which has slowed down their commercial exploitation. Recently, Wang et 

al.62 reported a novel solvent exchange approach to obtain the delaminated dry 

powders. However, applications of such delaminated powders are still in its early stage 

only. On the other hand, there are only a few reports on the exfoliation of the LDH and 

the polymer/LDH exfoliated nanocomposites using SF-LDH by solvent mixing 

method.33, 74-76 Recently, O’Hare and co-workers developed AMOST method where the 

freshly prepared wet LDH was repeatedly washed with acetone followed by dispersion 

of LDH in hydrophobic xylene solvent.33, 62 The major advantage of this modified is that 

it helps in the simultaneous removal of the water molecules and surface modification of 

hydrophilic LDH to hydrophobic, which leads to a stable dispersion in polar 

hydrophobic solvents. Such prepared LDH suspension was used to synthesize  

homogenously dispersed PP/SF-LDH nanocomposites.33 

 

 

 



Hybrid Polymer Nanocomposites 

 

  17 
 

1.7.2. Structure and Morphology of Hybrid Polymer/LDH Nanocomposites 

 In general, layered materials have the layer thickness in the order of few 

nanometers with very high aspect ratio. The lower filler loadings help in the uniform 

dispersion throughout the polymer matrix without any aggregation, whereas it is 

difficult to achieve a good dispersion in larger filler loadings. Depending upon the 

interfacial interactions between the polymer and filler, and their thermodynamic 

parameters, the layered fillers exist in the polymer matrix in four different 

morphologies (Figure 1.5). Those are (a) aggregated, (b) intercalated, (c) exfoliated, and 

(d) intercalated and flocculated nanocomposites.1, 25 The morphology of these four 

nanocomposites can easily be understood by considering the basal plane distance of the 

dispersed layered filler. The “basal plane spacing” is nothing but the distance between 

planes in the unit layer to another plane in the next unit layer.1 

(a) Aggregated Nanocomposites: If the polymer chains cannot enter the galleries, the 

layered basal plane remains unchanged, and the composite is called “aggregated or 

conventional” nanocomposites. 

(b) Intercalated Nanocomposites: In the case of the intercalated nanocomposites, the 

insertion of polymer chains takes place into the gallery of the layers, and it causes an 

enlarged basal plane distance, without disturbing their crystallographic character. 

(c) Exfoliated Nanocomposites: In an exfoliated nanocomposite, the individual layers 

of the 2D material push apart to create a disordered morphology, and the layer to layer 

distance depends on the amount of filler loadings. Usually, the exfoliated 

nanocomposites have been observed in the nanocomposites with lower loadings, 

however, it is difficult to accomplish in bulk filler loadings.  

(d) Intercalated and Flocculated Nanocomposites: Recently Ray et al. observed a 

new type of morphology in nanocomposites which come under the category of the 

intercalated nanocomposites, and termed it as “intercalated and flocculated” 

nanocomposites.13 Basically, it appeared similar to the intercalated morphology; 

however, they have a considerable difference in the morphology as well as properties. 

The polymer chains intercalated to two or more layered materials (clay or LDH) form a 

bridge like morphology through hydroxylated edge to edge interaction (through 
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noncovalent interactions), whereas the intercalated nanocomposites shows an 

individual intercalated multilayer, which can be readily distinguished by microscopic 

technology, however it is more difficult with the X-ray measurement. 

 

Figure 1.5. Schematic representation of four different thermodynamically favorable 

morphologies of polymer nanocomposites. 

  

Among the above mentioned four types of nanocomposites, the exfoliated 

nanocomposites receive greater interest since the homogenous dispersion of the 

layered filler in polymer matrix results in unexpected properties compared to the other 

types of nanocomposites. Nevertheless, layered fillers (like LDH) have a high charge 

density and strong interlayer electrostatic interaction, which makes it much more 

difficult to achieve exfoliated nanocomposites. 

1.7.3. Techniques used for the Characterization of Nanocomposites 

WAXD and TEM characterization techniques have been used to understand and 

establish the structure and morphology of polymer nanocomposites. Both WAXD and 

TEM are essential tools for evaluating nanocomposite structure.13 However, TEM is 

time-intensive and gives only qualitative information, whereas the WAXD 

measurements allow the quantification of charges in the interlayer spacing. By 

observing the position, symmetry, and intensity of the basal reflections (00n) from the 
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distributed layered materials, the nanocomposite structure can be easily understood 

like whether it is intercalated or exfoliated. Typically, if the basal plane reflections are 

shifting towards the lower (2θ) angle and retain their symmetry of diffraction peaks, 

then they are called ‘intercalated’ nanocomposites. If the basal planes completely 

disappear or exceed more than 6-8 nm with weak diffraction plane, they are called 

“exfoliated” nanocomposites.  On the other hand, the intercalated-flocculated structured 

nanocomposites are more difficult to understand by WAXD technique; however, it can 

be readily distinguished by TEM analysis.8, 13, 25 

1.7.4. Physical Characteristics of Hybrid Polymer/LDH Nanocomposites  

The inclusion of exfoliated single or few layered LDH in hydrophobic polymers 

alters the crystallization behavior, mechanical and thermal properties, flammability 

behavior, etc. of the host polymer.30, 33, 65 The following section will describe the 

different properties (crystallization, mechanical, thermal and flammability) that can be 

modified in the presence of different fillers, especially LDH, in detail. 

1.7.4.1. Crystallization and Crystallization Kinetics:  

Polymer crystallization has been extensively studied ever since the concept of 

the chain folding was introduced by Storks in 1938 and later validated independently 

by Keller and Eppe, in 1957.77-79 Crystallization in polymers is a process in which the 

transitions from disordered amorphous phase into more ordered crystalline phase 

happens, from either melt or solution state. Crystallization is favored by a regular 

arrangement of the polymer chains giving the structure a high degree of symmetry. For 

example, isotactic and syndiotactic polypropylene with their side groups arranged in a 

regular fashion gives a semicrystalline polymer, whereas the atactic form of these 

polymers, in which the side groups are arranged randomly, always results in 

amorphous structure.80, 81 

Crystallization of long chain polymer molecules from its melt state starts with 

the chain folding followed by the formation of ordered regions called lamellae.78, 82 

These lamellae will grow radially in all direction to form the spherical aggregates called 

spherulites. The spherulites will be consisting of the highly ordered lamellar regions 
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separated by the random amorphous regions.81, 82 The dimensions of spherulites range 

from micrometers to millimeters, which are dependent on many parameters such as the 

chemical structure of the polymer chain and the crystallization conditions like cooling 

rate, crystallization temperature, the content of the nucleating agent, etc. Spherulites 

can be readily observed by polarized light microscopy, and Bunn and Alcock were the 

first to recognize the formation of spherulites for polymers in their study on branched 

polyethylene.83, 84 

Melt crystallization can be divided into two categories namely, isothermal 

crystallization where the solidification or crystallization takes place at a constant 

temperature and nonisothermal crystallization where the crystallization happens when 

cooling from the melt at a constant cooling rate.11, 14 Crystallization is considered to 

occur in two steps, which is usually preceded by homogeneous nucleation, 

heterogeneous nucleation, or self-nucleation, followed by growth of the crystal with 

time.14, 82 There are two basic nucleation processes: first, there is the birth of the new 

solid phase or nucleus within the melt, this is called primary nucleation; then follows 

the process of crystal growth which requires nucleation at the growing interface and 

this is called secondary nucleation. The primary nucleation can be initiated by several 

ways. It is called homogeneous nucleation when it involves a spontaneous aggregation 

of polymer chains in a reversible way up to the point where a critical size is reached; 

beyond this point, the addition of chains is irreversible and crystal starts to grow. 

Homogeneous nucleation occurs in the absence of a second phase and requires a large 

degree of supercooling. Primary nucleation is called heterogeneous nucleation when it 

involves the aggregation of polymer chains at the interface of a foreign phase such as 

impurities or a purposely added nucleating agent.80-82, 85 The addition of nucleating 

agents increases the rate of nucleation and leads to the formation of a larger number of 

smaller sized spherulites. This modification can improve several physical properties of 

the polymer.85, 86 Heterogeneous nucleation requires a small degree of supercooling.  

The rate of crystallization of polymers is a very important property from the 

industrial point of view since this affects the production time of thermoplastic goods.11, 

14, 45, 82 The research and development of nucleating agents, which are incorporated into 
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thermoplastic polymers during processing, have been mainly industry driven and 

directed towards the improvement of the thermal, mechanical and optical properties of 

the polymer involved and to reduce production costs through cycle time efficiency. A 

great effort has been devoted to this during the last few decades, and this is still an area 

of substantial scientific and commercial interest.11, 13, 14, 45 Table 1.2 summarizes the 

variety of inorganic and organic nucleating agents, and their classification on the basis 

of dimensions of the filler. 

Table 1.2. Change in the melt-crystallization peak temperature (Tmc), and thermal 

degradation temperature (T0.5) for different iPP nanocomposites. 

S.No Dimension 

of the filler 

Nano filler type 

(inorganic or 

organic) 

Filler size 

(nm or 

m) 

Filler 

volume 

(%) 

ΔTmc 

(°C) 

ΔT0.5 

(°C)   

(N2 gas) 

Ref. 

1.   

 

 

 

 

0D 

Si3N4 40 nm 0.1-2 3-4.5 - 87 

2.  ZnO 60 nm 0.3-5 3-14 - 88 

3.  Ai2O3 45 nm 1.5-5 2-3.5 - 89 

4.  CaO 40 nm 2-10 -4-10.5  90 

5.  SiO2 80 nm 0.2-5 -2-11 - 91 

6.  POSS - 3-9 4-6 - 92 

7.  Carbon black 125 nm 0.2-1 2-3 - 93 

8.  Fullerene 80 nm 1-1.2 14 - 94 

9.  Fullerene like 

WS2 

nanoparticles 

110 nm 8 22 19 95 
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10.   

 

 

 

1D 

SWCNT - 0.2-2  

0.6-1.2 

0.8 

12-16    

6-10     

11 

-                     

-                     

- 

96    

97    

98 

11.  MWCNT - 0.2-2 9-12 - 96 

12.  MoS2 nanotubes 80 nm 2 11 44 15 

13.  

Hierarchical Glass 

Fiber- WS2 

particles 

 

15 nm 

 

4 

 

22 

 

25 

 

99 

14.  

2D 

Graphene -- 
0.1-2  

0.5-1 

4-8        

9-11 

-              

- 

100    

101 

15.  Clay 300 nm 2.5-7.5 4-6.5 - 102 

16.   

 

 

1D 

& 

2D 

Commercial  and 

other nucleating 

agents 

(a) Sodium 

Benzoate             

(b) HPN 

(c) DMDBS 

(d) PTBBA 

(e) BA 

(f) PA 

(g) Ga- PTBBA 

(h) Zr- PTBBA 

 

 

             

400 nm                   

 400 nm 

15 nm 

ꞌꞌ 

ꞌꞌ 

ꞌꞌ 

ꞌꞌ 

ꞌꞌ 

 

 

              

1 

 1 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

 

 

                

9 

  22 

17.5 

19 

14 

6.5 

16.5 

8.4 

 

 

                 

- 

   - 

- 

- 

- 

- 

- 

- 

 

 

       

103        

103         

45 

ꞌꞌ 

ꞌꞌ 

ꞌꞌ 

ꞌꞌ 

ꞌꞌ 
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17.   

 

 

 

 

 

 

2D 

& 

3D 

LDH 

(a) SF-Mg-Al LDH 

(b) SF-Mg-Al LDH 

(c) SF-Mg–Al LDH 

(d) Mg–Al LDH-

Borate 

(e) Mg3Al-LDH 

(f) O-CoAl-LDH 

(g) Mg3-Al LDH-X  

(h)  Mg3-Al LDH    

 (i) Mg-Zn-Al LDH 

 

300 nm 

 350 nm 

100 nm 

100 nm                   

               

60 nm  

1.5 m  

 300  nm            

  250 nm                        

- 

 

1-12 

 1-5 

  1-16 

  1-30 

           

0.5-12 

1.5-6 

9  

13-28.6 

2-4 

 

3.5-5.4 

 12-14.5 

 7-9 

 - 

               

8-14.5 

      - 

 10-13                             

4-8                 

        - 

 

43-61 

- 

5-50 

-35-25 

            

15-44 

  0 

-5-44                      

-2-61            

4-8 

 

32                  

104 

35 

 105 

                     

33 

106 

107      

28             

108 

 

The following section gives the general factors which control the crystallization rate 

and morphology and general crystallization terms. 

Following are the important parameters which are impacting the crystallization 

behavior:11, 14, 82  

 Molecular structure and molecular mass of the components 

 Type and degree of dispersion of the phases in the molten stage 

 Crystallization conditions (e.g.: cooling and heating rate) 

 Composite ratios 

 Nature of the interactions in components (composite mixture)  

 Melt state history  

 Crystallization environment (e.g.: solvent, humidity, etc.) 
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Some of the following factors influence the crystalline morphology development, 

resulting in changes of crystallization parameters such as:81, 82  

 Overall crystallization rate (K) 

 Spherulite growth rate (G) 

 Semicrystalline polymer morphology (e.g.: size, shape, and texture of the 

spherulites) 

 Nucleation density (N) 

 Total degree of crystallinity (Xc) 

Thermal Parameters Related to the Crystallization of Polymers 

Equilibrium Melting Temperature Tm: The equilibrium melting temperature Tm is 

defined as the melting temperature of an infinite stack of extended chain crystals, large 

in directions perpendicular to the chain axis and where the chain ends have established 

an equilibrium state of pairing. This is one of the most important thermodynamic 

properties of crystallizable chain polymers, as it is the reference temperature from 

which the driving force for crystallization is defined. The change in Gibbs free energy 

ΔG per unit mass at Tm is zero. This is the general condition that determines the 

melting point of any substance.  

Thus, the temperature response of linear polymers can be divided into three distinctly 

separate segments:  

Above Tm: In this segment, the polymer remains as a melt or liquid whose viscosity is 

dependent on the molecular weight and temperature of observation.  

Between Tm and Tg: This domain may range between near 100% crystalline and near 

100% amorphous chain molecular clusters depending on the polymer structural 

regularity and experimental conditions. The amorphous part behaves much like 

supercooled liquid in this segment. The overall physical behavior of the polymer in this 

intermediate segment is much like rubber.  

Below Tg: Polymers below Tg is more like glass, which is hard and rigid, with a specified 

coefficient of thermal expansion. These glassy polymers are closer to a crystalline solid 
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than to a liquid in their behavior in terms of mechanical properties. With respect to 

molecular order, however, this glass more closely resembles the liquid. There is no 

difference between linear and cross linked polymer below Tg. The Tg depends on the 

rate of cooling.  

Crystallization Kinetics 

During crystallization from the bulk, polymers form lamellae, which in turn are 

organized into spherulites or their predecessor structures, hedrites.  This section is 

concerned with the rates of crystallization under various conditions and the theories 

that provide not only an insight into the molecular mechanisms but also considerable 

predictive power.81, 82 

The rate of radial growth of the spherulites is linear in time and the growth rate goes 

through a maximum as the temperature of crystallization is lowered. These several 

experimental findings form the basis for theories of polymer crystallization kinetics. 

The first one is based on the work of Avrami, where the formulations intended for 

metallurgy were adapted to the needs of polymer science.109 There is one intermediate 

model which was proposed by Hoffman-Weeks to understand the Tm of polymeric 

mixture which later used in Hoffman-Lauritzen model to predict secondary nucleation 

growth during crystallization of polymer. The second theory was developed by Hoffman 

and Lauritzen who suggested the kinetic nucleation theory of chain folding, which 

provides an overall understanding of how lamellar structures establish from the 

melt.110, 111 However, out of these two theories first Avrami model theory is a simple 

and has the power to predict molecular mechanisms of polymer crystallization, and it 

has been extensively employed model theory.11, 14 

Avrami Isothermal Crystallization Kinetic Model: The Avrami approach is often 

used to characterize crystallization under laboratory conditions to predict 

crystallization during processing. The study of the crystallization process is based on 

the evolution of the crystalline fraction of the polymer, as a function of the time in 

isothermal regime or as a function of the temperature under dynamic constant rates. 

When a polymer crystallizes, the extent of the phase transformation depends on the 
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crystallizing species and the experimental conditions. The isothermal crystallization 

kinetics generally analyzed by a classical Avrami equation as given fellow.81, 82, 109 

   ( )     (    )                         (1.1) 

Where X(t) is the relative crystallinity, n is the Avrami exponent (dependent on the 

nature of nucleation and crystal growth geometry). Both n and K depend on the 

nucleation and growth mechanisms of spherulites. In order to deal conveniently with 

an operation, eq. (1) is usually rewritten as the double logarithmic form as follows 

  [   (    )]         ( )            (1.2) 

The k and n values could be directly obtained from the slope and intercept of the best-

fit line as shown Figure 1.6. In most cases, n exhibits a noninteger value between 1 and 

4 and is attributed to the mixed growth of spherulites and two stage crystallization.109 

 

 

Figure 1.6. Schematic representation of the 

Avrami plot.109 

ktn is the volume of crystallized polymer, which is determined by considering the 

two cases: whether preexisting nuclei are present or not. If the nuclei are 

predetermined and crystallization happens at once on cooling the polymer to the 

present temperature, it is termed as heterogeneous nucleation, and if there is sporadic 

nucleation of spherical crystal it is named as homogeneous nucleation. In most of the 

polymer nanocomposites the secondary nucleation behavior is observed, since the 

n 

ln
[-

ln
(1

-X
)]

 

ln(t) 

k 

Table 1.3. Avrami exponent (n)81, 82, 109 

Avrami exponent 

(n) 

Dimension of  

crystal growth 

4  

3 dimension 

(spheres shape) 

3.5 

3 

2.5 2 dimension 

(discs shape) 2 

1.5 1 dimension 

(rods shape) 1 



Hybrid Polymer Nanocomposites 

 

  27 
 

dispersed filler behaves like a preexisted nucleating centers which promote the overall 

crystallization rate of the polymer.14 

1.7.4.2. Mechanical Properties 

Understanding the viscoelastic behavior of the nanocomposites in variable-

temperature conditions has a significant importance for providing insights for any 

practical applications such as polymer processing, lubrication, etc.13, 81, 112 The rigid 

inorganic filler dispersed polymer nanocomposites exhibit peculiar viscoelastic 

behaviors which are rarely present in the pure polymer. According to Khare  et al. in the 

presence of inorganic additives, polymer chains get spatial confinement, which 

increases the mechanical properties significantly.113 

The mechanical properties of nanocomposites are usually characterized by a 

variety of parameters, which include Young´s modulus, storage modulus, tensile 

strength, impact strength, hardness, softening point, etc.1, 8, 11 Dynamic mechanical 

analysis (DMA) measures the response of a given material to an oscillatory deformation 

(here in tension–torsion mode) as a function of temperature. DMA results are 

composed of three parameters: (a) the storage modulus Gꞌ (b) the loss modulus Gꞌꞌ and 

(c) tan  (Gꞌꞌ/Gꞌ). The tan  is used for determining the occurrence of molecular mobility 

of polymers, such as Tg.1, 5 

 One of the main reasons for adding fillers to polymers is to increase the modulus 

or stiffness via reinforcement mechanisms described by theories for composites. 

Properly dispersed and aligned LDH platelets have proven to be very effective for 

increasing the stiffness of the host polymer.13, 112 It was observed in many reports that 

by the incorporation of LDH into the polypropylene matrix, a remarkable increase in 

stiffness and a decrease in tan  owing to reinforcement effect of rigid LDH have been 

observed.30, 35 The enhancement in storage modulus and loss modulus was more 

prominent below the Tg of polymer, whereas behind that a progressive reduction was 

observed.11 

The tan  curves for PP nanocomposites have been shown three major molecular 

relaxations: one at -10 to 10 °C temperature range associated with the glass–rubber 

relaxation of the amorphous portion. Another broad peak appeared between 50 to 100 
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°C is related to the crystalline phase relaxation (). These two molecular relaxations 

were observed frequently in many reports.11, 15, 99 Another molecular relaxation was 

observed by McCrum and co-workers in the lower temperature region (at -80 °C) which 

was assigned to be the gamma phase () molecular relaxation.114 

1.7.4.3. Thermal Stability 

In general, it has been widely accepted that the dispersion of LDH or any other 

nanometer-sized inorganic particles into a polymer enhances the thermal degradation 

stability of the matrix, by inhibiting the formation and evolution of volatile byproducts 

during the decomposition process. However, the addition of LDH might not always 

favor the improvement in thermal stability, and sometimes can promote the earlier 

polymer degradation.38, 106 The degradation temperatures observed for the 

polymer/LDH nanocomposites are related to the type of different metal constituents, 

gallery anions, size, concentration, the state of filler distribution, and their interactions 

with the reactive groups in the polymer.27, 30, 35, 108 Table 1.2 compares the thermal 

stability improvements observed via the incorporation of LDH, determined by 

thermogravimetric analysis (TGA), by analyzing the difference between the initial 

degradation temperature of the nanocomposite and that of the neat matrix (ΔTi), at the 

temperatures for 50% weight loss (ΔT50). 

1.7.4.4. Flammability Behavior 

Most of the commercially available low-cost polyolefins such as polypropylene, 

polyethylene, etc. come under the category of highly flammable materials, which 

obstructs its use in various end products. The combustion of polymers is driven by a 

thermally induced decomposition (pyrolysis) phenomenon of the solid polymer into 

smaller fragments, which then volatilize; mix with oxygen in the atmosphere, and 

combust further with the evolution of toxic gases. This combustion also releases more 

heat, which radiates onto the unburned polymer, thereby leading to the extended 

pyrolysis and combustion until a lack of heat/fuel/oxygen causes the fire to extinguish. 

Thermoplastic polymers have a tendency to drip and flow under fire conditions, which 

can lead to additional mechanisms of flame spread or propagation whereas thermoset 
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polymers tend not to drip and flow and instead produce pyrolysis gases from the 

surface of the sample directly into the condensed phase.65, 66, 115, 116 

Tackling the problems associated with flammability of the commodity polymers is 

very much important from the industrial point of view since these are widely used for 

various applications like packaging materials, building materials, transportation, thin 

films, bottles, etc. Various additives and fillers like halogenated compounds, 

phosphorous containing compounds, inorganic nanofillers, etc. were utilized to reduce 

the flammability of polymers like PP, PE, PS, etc.65, 66, 115, 117     

 

Figure 1.7. Schematic illustration of polymer decomposition and combustion behavior. 

Depending on the mechanism of flame retardancy, the available flame retardant 

additives can be categorized into three groups as shown below.115 

(a) Gas Phase Flame Retardants (e.g. halogen, phosphorus): These materials reduce 

the heat released in the gas phase from combustion by inhibiting the exothermic 

oxidation reaction in the flame through scavenging reactive free radicals and thus 

decreasing the energy feedback to the polymer matrix. Even though halogenated 

compounds are good flame retardants, they are toxic and carcinogenic and raise serious 

environmental and health concerns.  

(b) Endothermic Flame Retardants (e.g. metal hydroxides such as magnesium 

hydroxide (MDH) and aluminiumhydroxide (ATH), carbonates) These materials 
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function in the gas phase and condensed phase by releasing non-flammable gases (H2O, 

CO2) which is an endothermic reaction absorbing energy from the ignition source. The 

released water vapours can dilute the fuel and cool the polymer. The lower substrate 

temperature slows down the pyrolysis rate. These materials also leave behind a 

ceramic-like residue, which acts as an insulating layer on the surface and protects the 

underlying polymer from further decomposition. 

(c) Char-Forming Flame Retardants (e.g. intumescents, nanocomposites) This 

category of materials operate in the condensed phase by preventing fuel release 

through binding up fuel as non-pyrolyzable carbon (char), thereby providing thermal 

insulation for underlying polymer through the formation of char protection layers. 

Typically, such an intumescent system is composed of three major components: an acid 

source, a carbon source, and a blowing agent.  

An acceptable flame retardant additive for a polymer should have the following 

features:41, 117 

 It should be thermally stable up to the normal polymer processing conditions 

(~300 °C) 

 Good compatibility with polymers and it should not have leach out and 

migratory properties 

 The additive should retain its flame retardant behavior when incorporated into 

polymer matrix 

 It should also reduce the evolution of any toxic gases and smoke during burning 

process 

Nanofillers as Flame Retardants 

Polymer nanocomposites have motivated considerable interests in the development of 

flame retardant polymeric materials because the addition of rigid inorganic nanofillers 

not only provides fire retardant properties to the materials but also, does not change 

the other properties of the host matrix or even enhance some of them, such as 

mechanical properties of the resultant polymer nanocomposites at a relatively low 

loadings.65, 66, 115 
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Table 1.4. Summary of the different category of flame retardant additives.41, 65, 66, 115, 117-119 

Different category 

of flame 

retardants 

Examples 

Halogenated 

compounds 

Decabromodiphenyl ether, Tetrabromo bisphenol A, Bis(2,3-

dibromopropylether) Tetrabromo bisphenol A, 1,2-ethylene 

bis(tetrabromophthalimide), Hexabromocyclododecane, Tris 

(tribromoneopentyl) phosphate 

Phosphorus-

based compounds 

Bisphenol A Diphosphate,  Triphenylphosphate, Resorcinol 

Diphosphate, 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-

oxide (DOPO), Ammonium Polyphosphate 

Nitrogenous 

based compounds 

Melamine, triazine, urea (phosphate) and guanidine  

 

 

 

Mineral based 

flame retardants 

filler 

 

 

Natural 

Aluminum hydroxides (Al(OH)3), cobalt hydroxide 

(Co(OH)2) magnesium hydroxides (Mg(OH)2), 

nickel hydroxide (Ni(OH)2), magnesium carbonate 

(MgCO32-), clays (montmorillonite, hectorite, and 

saponite) 

 

Synthetic 

(LDH 

based) 

Ca-Al LDH, Co-Al LDH, Cu-Al LDH, Mg-Al LDH, Mg-

Fe LDH, Ni-AL LDH, Ni-Fe LDH, Zn-Al LDH, Zn-Fe 

LDH, Mg-Zn-Al LDH; most of the cases LDH gallery 

was intercalated with variety of the  inorganic and 

organic anions. 

Inorganic flame 

retardants 

POSS, mesoporous SiO2, graphene, CNT, carbon fibers, carbon 

block, MoS2, borates, glass fibers,     

Depending on the elemental constitution and other characteristics of the 

nanofillers, these hybrid polymer inorganic systems may follow any one or more of the 
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above-mentioned flame retardancy mechanisms.31, 65-67, 108 Figure 1.8 shows the general 

mechanism of flame retardancy of polymers in the presence of external additives. 

LDH as Flame Retardant Nanofiller: LDH, which possess a unique lamellar structure, 

are proved to be effective flame retardant additives to polyolefins, and also to other 

polymers. LDH offer the possibility of tuning the lateral sizes, layer thickness, intralayer 

metal composition ratio, gallery anions, etc. and thereby tune the flame retardancy 

also.31, 34, 65, 67, 108 Dispersion of LDH in the host matrix and compatibility of LDH with 

the polymer can also seriously affect the heat release rate of the polymer matrix. It is 

observed that only the exfoliated nanosheets with homogeneous dispersion in the 

polymer matrix can increase the flame retardancy effectively. Although a complete 

understanding of the mechanism of LDH based nanocomposites is not yet reported, it is 

supposed to be a combination of all the three types of above-mentioned mechanisms.119 

During thermal decomposition, LDH will lose the interlayer H2O, decomposition of the 

intercalated anions (e.g. CO32_) and it forms metal oxide char residues.65, 115 

 

Figure 1.8. Schematic image representing the flame retardant mechanism in hybrid polymer 

nanocomposites. 
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The effects of these processes will reduce fuel available for combustion, which 

will lower the heat release and eventually stop the combustion. When there is not 

enough fuel to propagate the reaction, the formation of an expanded carbonaceous char 

 

Table 1.5. Summary of different anion modified LDHs added to polymers and their flame 

retardancy behavior. 

S.No Type  

of LDH 

Gallery 

anions 

Polymer Filler 

amount 

(%) 

Reduction   

in pHRR  

(%) 

Ref

. 

1.  Co-Al LDH DBS MA-g-PP 6 30 106 

2.  Mg-Al LDH DBS MA-g-PP 4.8 29 120 

3.  Mg3Al LDH  

Zn2Al LDH       

Zn2Al LDH 

Borate                 

ꞌꞌ                           

ꞌꞌ 

PP               

ꞌꞌ                    

ꞌꞌ 

6                    

6                  

30 

24                    

30                

69.5 

           

105 

4.  Mg-Al LDH NO3-                    

DBS          

AR88-dye 

AY36-dye 

 

MA-g-PP 

 

5 

11                   

11                    

22                   

33 

           

121 

5.  Mg-Al LDH Spherical like  

Plate like  

Flower like 

   

     PP 

 

23 

 

57.9             

60.7            

54.8 

 

28 

6.  MgZnAl-LDH DBS + 

ammonium 

polyphosphate 

 

PP 

 

20 

 

76 

 

108 

7.  Mg-Al LDH DBS LDPE 20 57 122 

8.  Zn-Al LDH Oliate PE 10 60 37 

9.  Zn-Al LDH Cl‒,                     

CO32‒,               

NO3‒,               

SO42‒ 

 

HDPE 

 

40 

24                   

41                   

48                    

54 

           

29 
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10.  Ni-Al LDH CNT PP 5 10 123 

11.  Zn-Al LDH CuMoO4 PP 5 40 124 

12.  Mg-Al LDH CNT PP 20 46 34 

 

is promoted. This char formation protects the bulk polymer from the exposure to air, 

which reduces the heat release during the combustion and suppresses the smoke 

production. In summary, the flame retardant mechanism of LDHs can be attributed to 

the combination of the following three functions: (1) Heat absorption, (2) Gas dilution, 

and (3) Char formation. Literature is enriched with LDH as flame retardant additives to 

a variety of polymers and the Table below summarizes (Table 1.5) the flame retardancy 

efficiency of LDHs with different metal constituents on various polymers. Figure 1.9 

displays the datasheets showing the number of research publications on flame 

retardancy and LDH based flame retardancy. 

 (a) Total flame-retardants based papers       (b) LDH based PNC papers 

     

Figure 1.9. Number of publications per year (1999–2017) with the keyword of (a) flame 

retardants polymer based papers (b) LDH based polymer nanocomposites” (Source: Web of 

Science and data collected on: August 2017). 

Techniques and Indices for Determining Flame Retardancy Performance 

Mainly four techniques are used to evaluate the flame retardancy of a polymer; 

microscale combustion calorimetry (MCC), limiting oxygen index (LOI), cone 

calorimeter (CC) and UL-94.65 
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Microscale Combustion Calorimetry (MCC): MCC, also known as pyrolysis 

combustion flow calorimetry, is a convenient and fast method for laboratory evaluation 

of the flame retardant properties with small amounts of material. It is based on a TGA-

like degradation of the polymer in nitrogen, followed by combustion of the gases 

produced in air. The parameters include the heat release rate (HRR), heat release 

capacity (HRC) and temperature of degradation.  

Cone Calorimeter (CC): Cone calorimeter is the most effective technique for the 

laboratory evaluation of the flame retardant properties of polymers which measure the 

HRR and peak heat release rate (PHRR). A highly flame-retardant system normally 

shows a low PHRR value. Another important parameter is total heat released (THR), 

which represents the sum of heat released until the flame is extinguished. Besides 

these, average specific extinction area (ASEA), a measure of smoke, average mass loss 

rate (AMLR) and the time to ignition (tig, also known as TTI) are also measured using 

this technique. 

Limiting Oxygen Index (LOI): The fraction of oxygen in a nitrogen–oxygen mixture 

required to support combustion is measured in this technique to understand the 

flammability behavior of the polymer. LOI is tested based on ASTM D2863, the latest 

version being D2863-87. The higher number indicates more difficulty for combustion to 

occur. LOI value is expressed as a number indicating the percentage of oxygen required 

for self-sustained combustion of any materials but does not provide any useful 

information about the burning behavior. A good flame retardant material should have 

an LOI value greater than 26. 

Underwriters Laboratories-94 (UL-94): It is one of the most widely used 

performance standards for a plastic material used to evaluate the extinguishing ability 

of the material after it is ignited. UL-94 testing is carried out by following two 

standards: one is the vertical burn test (UL-94 V), and the other is the horizontal burn 

test (UL-94 HB). This standard is divided into five parts: HB, V-2, V-1, V-0 and 5 V. UL-

94 V gives useful information regarding the dripping behavior of the nanocomposites. 

The dripping of the burnt melt directly influences the spread of flame through the 
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secondary flame during real life burning situations. A good fire retardant material 

should reach the UL-94 V-0 rating and should not show any dripping during the test.  
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2.1. Abstract 

Highly dispersed iPP nanocomposites were prepared by incorporating two 

different sized Mg-Al LDH nanoparticles with different loadings from 1 to 10 wt% 

using a modified solvent mixing method. Larger sized LDH nanoparticles (3-4m) 

were prepared from the gel form of Mg-Al LDH and the smaller sized nanoparticles 

(50-200 nm) were prepared by sonication of as-synthesized LDH particles. Such 

obtained LDH nanoparticles were carefully characterized using Wide-angle X-ray 

diffraction (WAXD), transmission electron microscopy and scanning electron 

microscopy. WAXD and atomic force microscopy results indicate that the LDH 

nanoparticles were highly dispersed in iPP matrix. The influence of LDH 

nanoparticles size and concentration on the thermal stability, spherulitic 

morphology, melting behavior, isothermal crystallization kinetics and lamellar 

structure of iPP were investigated. Incorporation of low loadings of sonicated LDH 
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particles (e.g. 1-2.5 wt%) show substantial effect on thermal stability, spherulite size, 

crystallinity and crystallization half-time and lamellar morphology of iPP compared 

to the pure iPP and that of nanocomposites with larger LDH particles with same 

loadings. The better nucleation ability of iPP in presence of sonicated LDH can be 

attributed to the high surface area of LDH nanoparticles along with its better 

dispersibility within the polymer matrix. The incorporation of LDH nanoparticles 

doesn’t change the crystallization growth mechanism and crystal structure of iPP. 

2.2. Introduction 

 Polymer based nanocomposites filled with nanosized stiff particles have evolved 

and attracted great interests from both in industry and academia during the last 

two decades.1-5 A range of layered materials of varying dimensions have been used 

as nanofillers, but the most commercial importance is engaged with layered 

materials such as clays and related phyllo-silicates.2, 6,7 Performance of polymer 

nanocomposites strongly depends on the degree of dispersion and aspect ratio of 

layered materials in the polymer matrices. In particular, exfoliation of layered 

materials in polymer matrices has been shown to improve the flame retardancy, 

optical, thermal, rheological and mechanical properties of base polymer.1-7 In most 

cases, layered materials are surface-modified with organic compounds for 

improving the dispersion in the polymer matrix. 

 Lately, LDH are considered as a new emerging class of nanofillers for the 

preparation of multifunctional polymer/LDH nanocomposites.1, 5, 8, 9 LDH layers are 

0.48-0.49 nm thick, and their lateral dimensions can be varied between few nm and 

several m by adjusting the synthetic conditions.10-13 Important feature of these 

materials is tremendous flexibility in tuning the composition of both inorganic 

layers as well as balancing anions in the interlayer space.1 Preparation of highly 

exfoliated polymer nanocomposites using LDH is always a great challenge because 

of the stronger electrostatic interlayer interactions due to their higher charge 

density. To date, variety of polymer systems were used in nanocomposites 

preparation with LDH, which include polyethylene14-16, polypropylene17-20, 

polyamides21, 22, polystyrene23, polylactic acid24, 25, poly(methyl methacrylate)26, 

poly(vinyl chloride)27, etc. In most of these nanocomposites, either the LDH was 

modified with the organic compounds (surfactants) or the polymer itself was 
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modified to facilitate the miscibility between the hydrophobic polymer and the 

hydrophilic LDH to achieve intercalated or exfoliated nanocomposites.1, 9, 14-20 

However, these modifications could lead to additional steps in the preparation of 

nanocomposites, unwanted change in the polymer characteristics and possible 

degradation of organic modifiers upon the processing of these nanocomposites.14 

The end-use applications of polymer nanocomposites would be greatly expanded 

with surfactant-free materials. Varieties of LDH have been used in the preparation 

of nanocomposites with polymers, which include Co-Al LDH,19 Mg-Al LDH,17, 18 Zn-

Al LDH,16, 28 etc. In the present study, Mg-Al LDH was chosen because of its white 

colour and its resemblances with the commonly used fire retardant metal 

hydroxides. 

 Few reports are available in the literature to demonstrate the exfoliation of the 

LDH and the preparation of exfoliated polymer/LDH nanocomposites using 

surfactant-free LDH.18, 28-30 The pioneering group of Dermot O’Hare has reported an 

aqueous miscible organic solvent treatment (AMOST) method for the preparation 

of stable dispersions of surfactant free LDH in nonpolar solvents and the 

subsequent preparation of exfoliated polypropylene/LDH nanocomposites (PP) by 

solution mixing.18, 28, 31 The advantage of AMOST method is the conversion of the 

hydrophilic LDH layers to hydrophobic, so that the miscibility can be achieved 

between the LDH and hydrophobic polymer. 

 In semicrystalline polymer nanocomposites, the dispersed nanofillers can induce 

the structural and morphological changes of the polymer matrix and therefore 

control the various properties of the nanocomposites. The study on crystallization 

of polymer nanocomposites is of great technical importance, in view of the fact that 

the nanofillers alter the crystallization behavior and the extent of crystallinity that 

in turn depends on the processing conditions. A number of studies were aimed to 

elucidate the influence of nanosized filler on the crystallization behavior of 

semicrystalline polymers.3, 32, 33 iPP is one of those most widely used thermoplastic 

polymers in the polymer industry because of its easy processability and good 

balance between properties and cost. In spite of extensive studies on the 

crystallization behavior of iPP in presence of various nanofillers such as layered 

silicates34, 35, carbon nanotubes36, 37 and graphene38, a limited attention has been 

given on iPP/LDH nanocomposites. Lonkar et al. studied the crystallization 
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behavior of iPP in presence of organically modified LDH and found that LDH could 

alter the type of nucleation, growth and geometry of PP crystals.20, 39 However, to 

our knowledge, no studies have been conducted on the crystallization behavior of 

iPP in presence of unmodified LDH. 

 In the present study, we prepared iPP/Mg-Al LDH nanocomposites by two 

different methods using unmodified LDH. In first method, the gel form of Mg-Al 

LDH was directly dispersed in iPP solution to prepare highly dispersed 

nanocomposites. In another method, for the first time, sonicated LDH was used for 

the preparation of highly dispersed nanocomposites. Sonication of LDH for longer 

duration leads to the formation of hydrophobic surfaces, which enable them to be 

highly dispersible in non-polar polymer solutions. This study also aims at 

unravelling the influence of unmodified LDH and its particle size on the 

crystallization behavior of iPP using differential scanning calorimetry and 

polarized optical microscopy. It was found that, iPP/LDH nanocomposites 

containing smaller sized LDH nanoparticles (50-200 nm) showed better thermal 

stability and nucleation ability compared to that of iPP/LDH nanocomposites 

containing larger sized LDH nanoparticles (3-4 m) with same loading. 

2.3. Results and Discussion 

2.3.1. Synthesis and Characterization of Mg-Al LDH 

The Mg-Al LDH used in this study was synthesized by co-precipitation 

method under ambient atmospheric conditions.40 The powder X-ray diffraction 

patterns confirmed the formation of LDH structure, exhibiting sharp reflections 

corresponding to the (00n) planes (Figure 2.1a). The SEM (Figure 2.1b) and TEM 

(Figures 2.2a) images show the stacked hexagonal platelets with a mean lateral size 

of 3.5 m. As-prepared LDH platelets had a dark contrast, indicating the presence 

of several layers of hexagonal platelets in a single particle. The energy-dispersive X-

ray spectra (EDS) confirmed the composition of the as-prepared Mg-Al LDH (Figure 

2.2b). The dominant oxygen peak in EDS indicates the presence of water molecules 

within the layers of the LDH platelets. FTIR spectrum of the Mg-Al LDH also 

confirmed the presence of CO32-, NO3- and water molecules (Figure 2.3a). The 

characteristic band for interlayer carbonate (CO32-) and interlayer nitrate (NO3-) 

were observed at 1356 cm-1 and 1382 cm-1, respectively. Urea, which was used as 
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base to prepare LDH, readily undergoes hydrolysis in presence of water at 100 °C 

to give ammonium carbonate. Such obtained ammonium carbonate further 

converted into ammonia and hydrogen carbonate.41 These conditions favored the 

formation of CO32- along with the NO3-. The broad band at 3444 cm-1 is due to the 

O-H stretching of the metal hydroxide layer and interlayer H2O molecules. Another 

band centered at 1607 cm-1 is assigned to be the interlayer water (H2O) molecule.   

Figure 2.1. Powder X-ray diffraction patterns of (a) as-prepared Mg-Al LDH, sonicated 

LDH and Mg-Al LDH gel, (b) SEM image of as-prepared Mg-Al LDH. 

2.3.2. Swelling and Exfoliation of Mg-Al LDH  

O’Hare and co-workers reported that treatment of as-prepared LDH by 

aqueous miscible organic solvent converts the hydrophilic LDH to hydrophobic.18 

Herein, we adopted their method to prepare the dispersions of LDH in non-polar 

solvents like xylene. Further storage of such dispersion resulted in a transparent 

gel-like aggregate (Figure 2.3b). Figure 2.1a shows the powder X-ray pattern of gel-

like aggregate. The 00n reflections are somewhat broad and low in intensity, which 

may be due to stacking disorder of LDH platelets in the swollen state. A broad 

amorphous-like halo was also observed at 217.5° due to the scattering of xylene. 

It is also important to mention here that X-ray measurements of gels were made in 

the open capillaries, where there was a possibility for solvent evaporation during 

the X-ray measurement. 
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Figure 2.2. TEM images of (a & b) as-prepared Mg-Al LDH and corresponding EDS 

spectrum, (c & d) delaminated Mg-Al LDH and corresponding EDS spectrum. Inset is 

the Selected Area Electron Diffraction (SAED) pattern of delaminated Mg-Al LDH, (e & 

f) sonicated LDH and corresponding EDS spectrum. 

TEM image of Mg-Al LDH gel dispersed in xylene clearly showed the 

delamination of LDH platelets to single-layer nanosheets (Figure 2.2c). Due to the 

thin nature of exfoliated single-layer nanosheets, contrast of single-layer is very 

weak. The selected area electron diffraction (SAED) (inset of Figure 2.2c) shows 

hexagonally arranged spots, indicating that the delaminated nanosheets are single 

crystalline.40 The corresponding EDS (Figure 2.2d) shows the drastic reduction in 

the oxygen peak compared to their bulk LDH structure, indicating the removal of 

interlayer H2O molecules from the stacked structure. The surface area measured 

for LDH gel (after drying) was 200 ± 5 m2/g. Liquid exfoliation of LDH is known for 

quite some time, and it has emerged as a process in producing the novel two-
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dimensional materials.29, 42, 43 Wu et al., demonstrated the gel formation in LDH-

NO3 in formamide without incorporation of surfactants.44 However, their 

procedure did not work for carbonate containing LDH as carbonate is a much 

stronger hydrotalcite-builder than nitrate. Very recently, Song et al., used anion 

exchange process to increase the inter-layer spacing and subsequently delaminated 

the bulk LDH to single-layer nanosheets.29 In the present study, by taking the 

advantage of AMOST method, we successfully exfoliated the bulk Mg-Al LDH to 

single-layer nanosheets. 

2.3.3. Sonication of Mg-Al LDH 

Ultrasonic vibration (sonication) has been used in the fabrication of two-

dimensional nanosheets such as graphene, transition metal oxides, and transition 

metal dichalcogenides from bulk layered materials in liquid.43, 45, 46 In the present 

study, we used sonication method to prepare stable dispersions of LDH in non-

polar solvents. Figure 2.1a shows the powder X-ray diffraction pattern of sonicated 

LDH powder. The sharp reflections corresponding to the (00n) planes indicate the 

retention of crystal structure upon the sonication. No traces of impurities were 

observed in sonicated LDH powders. The TEM (Figure 2.2e) of the sonicated 

sample show the broken platelets of LDH layers and the lateral size reduced to few 

tens of nanometers. The corresponding energy-dispersive X-ray spectrum shown 

in Figure 2.2f is consistent with the EDS spectrum of bulk LDH. However, a 

noteworthy change was observed upon the sonication, i.e., the oxygen peak 

decreased in intensity drastically indicating the removal of water molecules from 

bulk LDH. During sonication, water molecules present within the LDH layers are 

replaced by xylene molecules, weakening the interlayer attraction. Then, further 

sonication can completely take apart the layers, resulting in an exfoliated 

dispersion. Simultaneously, the LDH layers are broken into small fragments in the 

sonication process. The surface area measured for sonicated LDH powder was 710 

± 5 m2/g. Qu and co-workers observed the breakage of organically modified Zn-Al 

LDH platelets in xylene with refluxing time.47 
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Figure 2.3. (a) FTIR spectrum of as-synthesized Mg-Al LDH, and (d) Photographs of 

Mg-Al LDH powder and LDH gel formed in xylene. 

 

2.3.4. Synthesis, Structure and Morphology of iPP/Mg-Al LDH 

Nanocomposites 

Figure 2.4 shows the schematic illustration of the method used for the 

preparation of highly dispersed iPP nanocomposites by two different methods 

using Mg-Al LDH. In first method, a transparent gel-like aggregate of Mg-Al LDH 

was directly added to the iPP solution. Treatment of as-prepared LDH with acetone 

followed by dispersion in xylene helps in the removal of interlayer H2O molecules 

from the stacked LDH structure. The swollen LDH platelets were readily dispersed 

to single-layer nanosheets in the polymer solution to obtain the highly dispersed 

nanocomposites. In another method, sonicated Mg-Al LDH (broken LDH fragments) 

was added to iPP solution to obtain highly dispersed nanocomposites. As 

mentioned in the preceding section, replacement of water molecules with organic 

solvents weakens the interaction between the Mg-Al LDH platelets, which helps in 

delamination of these platelets when dispersed in iPP solution. The resultant 

solution was poured into ethanol. The precipitate was filtered, washed with excess 

ethanol and dried under vacuum overnight. In order to compare the properties of 

iPP and iPP/LDH nanocomposites under the similar conditions, pristine iPP 

powder was also prepared under similar treatment. 

Figure 2.5 shows the X-ray diffraction patterns of Mg-Al LDH, iPP and its 

nanocomposites containing different amounts of LDH. Unlike other reported 
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iPP/LDH nanocomposites, the reflections corresponding to the (00n) planes of LDH 

are not observed in both the nanocomposites (prepared using LDH gel and 

sonicated LDH).18, 48 Such disappearance of LDH reflections is due to the loss of 

periodicity of the LDH. These results suggest that Mg-Al LDH platelets are 

exfoliated and well dispersed in the polymer matrix. 

Figure 2.4. Schematic illustration of the polymer nanocomposite preparation based on 

iPP and Mg-Al LDH. 

 IPP and nanocomposites are crystallized isothermally at 130 °C after 

melting at 200 °C under strictly controlled conditions to understand the influence 

of LDH on polymorphic behavior of iPP as we mentioned in experimental section. 

Both iPP and iPP/LDH nanocomposites show reflections at 2 = 14.2°, 17.0°, 18.7°, 

21.3°, and 22.1° corresponding to the monoclinic  form of iPP (Figure 2.5.).49  No 

change in the polymorphism of iPP was observed in the presence of LDH platelets. 

Table 2.1 shows the degree of crystallinity of iPP matrix in the iPP/LDH 

nanocomposites. The degree of crystallinity was calculated as the ratio of the area 

under the crystalline peaks to the total area under the X-ray scattering curve. It can 

be clearly seen that the nanocomposites prepared using LDH gel showed less 

crystallinity (57%) compared to the nanocomposites prepared using sonicated 

LDH (65%). The low crystallinity of the nanocomposites using LDH gel is due to 

the fact that the crystalline lamellar growth of iPP might be hindered to some 

extent in presence of larger LDH particles having lateral size 2-3 m.  
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Figure 2.5. Powder X-ray diffraction data for (a) iPP nanocomposites prepared by using 

LDH gel and (b) iPP nanocomposites prepared by using sonicated LDH. For the 

purpose of comparison, powder X-ray diffraction data iPP and LDH are shown in both 

(a) and (b). 

 

Figure 2.6. AFM images of iPP nanocomposite film containing 10 wt% of sonicated 

LDH (a) 20 x 20 m (b) 2 x 2 m. 

 

 The dispersion of LDH particles in iPP matrix was further confirmed by AFM 

measurements. Nanocomposite thin film was prepared by melt pressing the 

powder samples in between the coverslips. Figure 2.6 shows the AFM phase images 

of 10 wt% of sonicated LDH containing nanocomposite film. It is obvious from the 

figure that nanosized LDH platelets with few nm thickness and few hundreds of nm 

length are homogeneously dispersed in the iPP matrix. It is worth mentioning here 

that the breadth of the nanoparticles/nanodots appears much larger in AFM image 

than the true values due to the AFM tip surface convolution effect.50, 51 
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Table 2.1: Degree of crystallinity, average number of spherulites and average diameter 

of the spherulites calculated after melt crystallization at 130 °C, 50% weight loss 

temperature for iPP and its nanocomposites. 

 

Sample 

% of Xc 

by     

WAXS           

(± 0.5) 

Average number 

of spherulites 

counted on an 

area of              

2.13  10-2 m2 

Average 

diameter of 

spherulites 

(μm) 

T0.5               

(°C)                 

(± 1) 

iPP 65   26 40.0 411 

iPP-LDH Gel (2.5%) 59 26 35.0 434 

iPP-LDH Gel (5%) 57 60 20.0 431 

iPP- Sonicated LDH (1%) 65 600 8.0 448 

iPP- Sonicated LDH   (2.5%) 64 520 8.0 439 

iPP- Sonicated LDH (5%) 63 560 8.0 433 

iPP- Sonicated LDH (10%) 66 320 12.0 430 

2.3.5. Thermal Degradation Behavior of iPP/Mg-Al LDH Nanocomposites 

The influence of nanocomposites preparation method and various loadings 

of LDH on the thermal stability of iPP were investigated by TGA under nitrogen 

atmosphere. The corresponding TGA thermograms are shown in Figure 2.7. The 

50% weight loss temperature (T0.5) measured for various samples are summarized 

in Table 2.1. All the nanocomposite samples showed higher thermal stability than 

that of the pure iPP. Nanocomposites prepared using the gel form of LDH showed 

lower thermal stability than that of the nanocomposites prepared using same wt% 

of sonicated LDH. However, significant differences are seen in thermal stability of 

nanocomposites prepared using different wt% of sonicated LDH. The 

nanocomposite prepared with 1 wt% of sonicated LDH showed better thermal 

stability than the other nanocomposites. The T0.5 increases from 411 °C for pure iPP 

to 448 °C with 1 wt% of sonicated LDH, and then gradually decreased to 430 °C (10 

wt% of sonicated LDH) with the increase in wt% of sonicated LDH loadings. O’Hare 

and co-workers reported 9 wt% LDH as optimal loading for the nanocomposites 

prepared using acetone washed LDH.18 In another study, the same group showed 

higher thermal stability for iPP at 1 wt% LDH loadings in surfactant-modified Mg-
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Al LDH/PP nanocomposites synthesized by microemulsion method.17 Based on the 

results obtained in this chapter for the LDH gel samples and the literature data, we 

are speculating here that the radicals generated during degradation were trapped 

by the well dispersed LDH nanoparticles.17, 18 Lower loadings of sonicated LDH 

might be dispersed well in iPP matrix compared to excessive loadings, and 

probably is the reason why T0.5 is higher for lower LDH loadings in nanocomposites 

prepared using sonicated LDH. It is also worth mentioning here that the 

nanocomposites prepared using gel form of LDH has less number of dispersed 

particles compare to that of nanocomposites prepared by sonicated LDH with 

equivalent amounts of LDH loadings. It might be the reason for lower thermal 

stability of nanocomposites containing gel form of LDH compared to that of 

nanocomposites with sonicated LDH. 

 

Figure 2.7. TGA thermograms for (a) iPP/LDH gel nanocomposites and (b) 

iPP/sonicated LDH nanocomposites.  

2.3.6. Crystallization Behavior of iPP/Mg-Al LDH Nanocomposites 

Figure 2.8 shows the POM images of iPP and its nanocomposites prepared 

using both sonicated LDH and gel form of LDH after isothermal crystallization at 

130 °C. Under the given conditions (samples melted at 200 °C for 3 min then 

rapidly cooled to isothermal crystallization temperature 130 °C for 30 min), pure 

iPP crystallized into larger spherulites with an average diameter of 40 m. Due to 

the slow crystallization rate, these spherulites grow slowly and collide with each 

other (Fig. 2.8a). Upon the addition of sonicated LDH, the nucleation density 

increased and the diameter of the spherulites reduced significantly (Fig. 2.8b-d and 

Table 2.1). The uniform size of the spherulites in iPP/LDH nanocomposites (1 wt% 
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sonicated LDH) suggest that highly dispersed LDH platelets act as nucleation sites 

and barricade iPP spherulite growth. On further increasing the sonicated LDH 

loadings, the diffuse Maltese cross patterns were observed. On the other hand, 

when the gel form of LDH was used, the spherulites are imperfect, and the sizes are 

slightly smaller than that of pure iPP (Fig. 2.8e & 2.8f and Table 2.1). The texture of 

these spherulites is different from that of the pure iPP. The presence of larger LDH 

particles hinders the polymer chain diffusion and resulted in imperfect spherulites. 

It is also worth mentioning here that the nanocomposites prepared with the gel 

form of LDH showed lower crystallinity compared to that of pure iPP or other 

nanocomposites. It was also observed that the size of the spherulites decreased 

with the increase in LDH content in nanocomposites prepared using the gel form of 

LDH. By comparing the effect of preparation method of nanocomposites on the 

crystalline morphology of iPP, it is apparent that sonicated LDH method provides 

the largest number of nuclei due to the better dispersion of LDH platelets in iPP 

matrix. 

 
Figure 2.8. Polarized optical micrographs of pure iPP and its nanocomposites 

crystallized isothermally at 130°C. (a) iPP, (b) iPP/1 wt% sonicated LDH, (c) iPP/5 wt% 

sonicated LDH, (d) iPP/10 wt% sonicated LDH, (e) iPP/2.5 wt% of LDH gel and (f) 

iPP/5 wt% of LDH gel. 

The effect of LDH on the isothermal melt crystallization kinetics of iPP was 

studied using DSC. The thermal program employed for the isothermal 

crystallization is depicted in Figure 2.9a. Figure 2.9(b & c) shows the DSC 

thermograms of pure iPP and its nanocomposites crystallized at 130 °C. The 
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relative crystallinity (Xt) at a given crystallization time was calculated from the DSC 

exotherms and the plots of Xt against crystallization time for all the samples are 

shown in Figure 2.10.  

 

Figure 2.9. (a) Thermal programme used for the isothermal crystallization, 

crystallization isotherms obtained at 130 °C for pure iPP and its nanocomposites (b) 

iPP/LDH gel nanocomposites, (c) iPP/sonicated LDH nanocomposites and (d) 

crystallization half-time (measured at isothermal crystallization temperature 130°C) 

versus melt crystallization temperature (measured non-isothermally during melt cooling 

at 10°C/min). 

It is obvious that all these curves exhibit a sigmoid dependence on time. The 

crystallization half-time (t1/2), which is defined as a half period from the onset of 

crystallization to the end of crystallization, measured for various samples are 

summarized in Table 2.2. The crystallization half-time of pure iPP was 16.1 min. 

When the LDH was introduced into IPP, the crystallization half-time was decreased 

for all the nanocomposites irrespective of the preparation method. Both the 

induction time and the width of the exotherm decreased, reflecting an 

enhancement in the crystallization rate of iPP in presence of LDH particles. 
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However, significant differences have been observed in the crystallization rate of 

nanocomposites prepared by different methods. When the gel form of LDH was 

added into iPP, the crystallization half-time decreased moderately with the 

increase of LDH content. On the other hand, when the sonicated LDH was added 

into iPP, the crystallization rate was greatly enhanced, demonstrating the high 

nucleation ability of sonicated LDH particles. As the sonicated LDH loadings 

increase, the crystallization half-time first decreases from 16.1 min for pure iPP to 

1.9 min with 2.5 wt% of sonicated LDH. Further increase in the LDH content, the 

crystallization half-time was increased to 4 min with 10 wt% of sonicated LDH. 

These results suggested that 2.5 wt% of sonicated LDH is the optimal loading for 

the effective crystallization of iPP due to its better dispersion in iPP matrix. As 

observed in the AFM image shown in Figure 2.6, higher loadings of LDH shows 

some agglomerates and it might be responsible for the slower crystallization of iPP 

with higher loadings. The better nucleation ability of iPP in presence of sonicated 

LDH might be due to the high surface area of broken LDH platelets along with its 

better dispersibility within the polymer matrix.   

Isothermal crystallization kinetics for pure iPP and its nanocomposites were 

analyzed using Avrami equation according to the dependence of X(t) on the 

crystallization time (t).52, 53 

   ( )     (    )                           (2.1) 

Where X(t) is the relative crystallinity, n is the Avrami exponent (which is 

dependent on the nature of nucleation and crystal growth geometry), and K is the 

overall isothermal crystallization rate constant connected with both nucleation and 

crystal growth contributions. The linear form of eq 2.1 can be expressed by taking a 

logarithmic transformation: 

  [   (    )]         ( )       (2.2) 

By plotting   [   (    )] versus ln (t), the Avrami parameters (n and K) 

may be directly obtained from the slope and the intercept, respectively, from the 

early linear segment. Figure 2.11 shows such plots for pure iPP and its 

nanocomposites prepared by using LDH gel and sonicated LDH. Table 2.2 

summarizes the Avrami constants estimated for various samples crystallized at 

130°C. The n value of pure iPP was 2.6, which was comparable to the literature 

values.54, 55  
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This n value might be attributed to a heterogeneous nucleation followed by 

diffusion controlled spherulite growth (mixed two-dimensional (2D) and three-

dimensional (3D) crystal growth). The nanocomposites prepared using the gel 

form of LDH showed n value similar to the pure iPP suggesting that the 

delaminated LDH platelets did not change the crystallization mechanism of iPP. On  

 

Figure 2.10. Variation in relative crystallinity with crystallization time for pure iPP and its 

nanocomposites crystallized isothermally at 130 °C (a) iPP/LDH gel nanocomposites 

and (b) iPP/sonicated LDH nanocomposites. 

 

Figure 2.11. Plots of   [   (    )] versus ln (t) for pure iPP and its nanocomposites 

crystallized isothermally at 130°C. (a) iPP/LDH gel nanocomposites, and (b) 

iPP/sonicated LDH nanocomposites. 

The other hand, the n value fluctuates within the range of 2.8-3.4 for the 

nanocomposites prepared using sonicated LDH, also indicating the same 

crystallization mechanism. The n value around three is typical for a rapidly 

nucleating system undergoing 3D crystal growth.  The DSC results discussed here 

are very much consistent with iPP spherulitic morphology, which was shown in 

Figure 2.8. 
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First DSC cooling thermograms from the melt of the corresponding samples 

are shown in Figure 2.12. The melt crystallization temperature (Tmc) is often used 

to measure the crystallization rate of semicrystalline polymers. Table 2.2. 

summarizes the Tmc values obtained for iPP and various nanocomposites. Figure 

2.9d shows a plot of crystallization half-time versus Tmc. The linear behavior shows 

the consistency in the crystallization rate of iPP and its nanocomposites by 

isothermal and non-isothermal crystallization methods. Similar conclusions as 

those made in the preceding section may be drawn about the effect of LDH on the 

crystallization rate of iPP.     

Table 2.2: Crystallization half-time, melt crystallization temperature, melting 

temperature and Avrami constant of iPP and its nanocomposites. 

   

 

Figure 2.12. DSC cooling thermograms of iPP and its nanocomposites crystallized non-

isothermally after melting at temperature 200 °C for 2 min. (a) iPP/LDH gel 

nanocomposites using and (b) iPP/sonicated LDH nanocomposites. 

(a) (b) 

     t1/2 (min.)             

at 130 °C                    

(± 0.2) 

Tmc °C            

(± 0.3) 

Tm  °C           

(± 0.5) 

Avrami 

Constant    (n )   

(± 0.05) 

iPP 16.1 109 165.1 2.6 

iPP-LDH Gel (2.5%) 10.3 112.7 151.4 2.6 

iPP-LDH Gel (5%) 9.3 116 151.4 2.5 

iPP- Sonicated LDH (1%) 4.7 118.0 158.7 2.8 

iPP- Sonicated LDH (2.5%) 2.0 123 163.8 3.4 

iPP- Sonicated LDH (5%) 2.7 121.1 160.7 3.0 

iPP- Sonicated LDH (10%) 3.9 119.8 163.5 2.9 
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2.3.7. Melting Behavior of iPP/Mg-Al LDH Nanocomposites 

The influence of LDH particles size and concentration on the melting 

behavior of iPP were studied by heating the isothermally crystallized iPP samples 

at a heating rate of 10 °C/min. Figure 2.13 shows the melting thermograms of iPP 

and its nanocomposites containing different sized LDH particles (prepared by the 

gel form of LDH and sonicated LDH). Clearly, the size of LDH has a dramatic impact 

on the melting behavior of iPP.  

 

Figure 2.13. DSC melting thermograms for pure iPP and its nanocomposites 

crystallized isothermally at 130 °C. (a) iPP/LDH gel nanocomposites, and (b) 

iPP/sonicated LDH nanocomposites. 

The melting temperatures of various samples are summarized in Table 2.2. 

Pure iPP shows double melting behavior with a dominant peak at 165.1 °C. X-ray 

diffractograms obtained for these samples ruled out the possibility of different 

crystalline polymorph, which is not the reason for double melting behavior in this 

situation. As already pointed out in literature, double melting peaks are the result 

of partial melting followed by recrystallization during heating. It means in pristine 

iPP, the shoulder peak might corresponds to the melting of crystals that formed at 

isothermal crystallization temperature (130 °C) and upon heating the sample 

recrystallized and melted at high melting temperature peak (165.1 °C). With the 

addition of larger sized particles (prepared using the gel form of LDH), the melting 

temperature of iPP decreased drastically to 151.4 °C. In these samples, high melting 

temperature peak was absent due to the presence of larger LDH particles. These 

larger particles hinder the polymer chain diffusion and recrystallization during 

heating. As a result a single large endotherm was observed in nanocomposites 

prepared using the gel form of LDH. On the other hand, the nanocomposites 
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prepared using the sonicated LDH showed melting behavior similar to that of pure 

iPP. These results confirmed that the lateral size of the LDH particles play an 

important role in controlling the recrystallization of polymer chains during heating. 

All the nanocomposite samples containing sonicated LDH particles showed double 

melting peaks as a result of partial melting followed by recrystallization during 

heating. The shoulder peak presented at lower temperature for pure iPP shifts to 

the higher temperature upon the addition of sonicated LDH particles, which might 

be due to the changes in crystallite thickness and its distribution. In this way, it was 

found that the size of LDH and its dispersion in the polymer matrix can significantly 

affect the melting behavior of iPP.  

 

Figure 2.14. Small-angle X-ray scattering profiles of pure iPP and its nanocomposites 

crystallized isothermally at 130°C. (a) iPP/LDH gel nanocomposites and (b) 

iPP/sonicated LDH nanocomposites. 

The SAXS intensities for both pure iPP and the nanocomposites prepared by 

using the gel form of LDH and sonicated LDH are shown in Figures 2.14. Pure iPP 

sample shows first maxima (q1) at (0.37 nm-1) attributed to the alternating 

crystalline and amorphous microstructure of the lamellae. Additional scattering 

peaks are seen for pure iPP at higher q indicating the regular stacking of lamellar 

structures. The integer ratio between the scattering peaks is characteristic of a 

periodic lamellar structure.36, 56 On the other hand, nanocomposite samples show a 

weak peak in the q range (0.35-0.45 nm-1) corresponding to the iPP lamellar 

morphology. As discussed in the preceding section, the nanocomposites have 

comparable levels of degree of crystallinity, but the contrast of the SAXS peak is 

weak for nanocomposites. It should be noted here that the SAXS measurements 

were performed in the transmission geometry and some of the X-ray radiation was 

0.3 0.6 0.9 1.2

 

 

 iPP

 1% LDH

 2.5% LDH

 5% LDH

 10% LDH

 I
n

te
n

s
it

y
 (

a
.u

.)

q (nm
-1

)

(b) Sonicated LDH

0.3 0.6 0.9 1.2

 iPP

 2.5% LDH

 5% LDH

 

 

In
te

n
s
it

y
 (

a
.u

.)

q (nm
-1
)

(a) LDH Gel

(a) (b) 



Chapter-2 

 

  62 
 

absorbed by highly dispersed LDH particles in nanocomposites. It is also obvious 

from Figure 2.14. that the intensity of the SAXS peak was further reduced with the 

increase in LDH loadings. Another noteworthy change is the strong scattering 

intensity at low q in nanocomposites, which can be attributed to the scattering of 

well-dispersed LDH particles within the iPP matrix. 

2.4. Conclusions 

In this work, highly dispersed iPP nanocomposites having different sized 

Mg-Al LDH nanoparticles were synthesized using the modified solvent mixing 

method. The sonication of LDH in xylene enables the modification of LDH surfaces 

to hydrophobic and simultaneously the LDH layers are broken into small 

fragments. The dispersion of LDH nanoparticles within the iPP matrix was 

confirmed by WAXD and atomic force microscopy, which is an indicative of 

compatibility of LDH nanoparticles with the iPP matrix. We have found that 

sonicated LDH nanoparticles dramatically improves the thermal stability, 

nucleation ability and crystallization rate of iPP at very low LDH loadings 

compared to that of nanocomposites with larger LDH particles with the same 

concentration. This might be due to the high surface area smaller LDH 

nanoparticles and its better dispersibility within the polymer matrix. The 

incorporation of LDH nanoparticles did not change the crystallization growth 

mechanism and crystal structure of iPP. 

2.5. Experimental Section 

Synthesis of Mg-Al LDH: Synthesis of Mg-Al LDH was carried out in a two-neck 

round bottom flask equipped with a reflux condenser under the ambient 

atmospheric conditions by the co-precipitation method. Magnesium nitrate 

(Mg(NO3)2·6H2O), aluminium nitrate (Al(NO3)3·9H2O), and urea were dissolved in 

Millipore water in the ratio 2:1:7 to give the final concentrations of 10, 5, and 35 

mM, respectively. Then, the mixture was refluxed at 100 °C under continuous 

stirring for 24 hours. Finally, the precipitate was washed with hot Millipore water 

to remove the unreacted reactants if any and vacuum dried at 60 °C for 24 hours. 

Similarly, the experiment was repeated in argon (Ar) atmosphere to verify the 

influence of the reaction environment on the morphology of LDH (data not shown 

here). 
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LDH Gel Preparation: Vacuum dried Mg-Al LDH was re-dispersed in acetone and 

stirred the dispersion at ambient temperature for 1 hour. Then the precipitate was 

filtered and repeatedly washed with acetone. Such obtained LDH powder was 

dispersed in xylene and stirred it for 12 hours at ambient temperature. The 

resulting colloidal suspension was stable at room temperature for few minutes and 

after that LDH slowly settled down as sediment. Decanting of the excess xylene 

leads to the formation of a transparent gel (Figure 2.3b). 

Sonication of LDH: As prepared LDH dry powder was dispersed in xylene and 

sonicated for 4 days using an ultrasonic sonication bath at room temperature. 

Enough care was taken to avoid the temperature increase during sonication. The 

resulting suspension was stable at room temperature for few hours. 

Preparation of Polypropylene/Mg-Al LDH Nanocomposites: iPP used in this 

study had a weight average of 120000 g/mol with a polydispersity index (Đ) of 4.5. 

The nanocomposites of iPP/Mg-Al LDH were prepared by two different routes 

using solution blending method. In one case, nanocomposites of iPP/Mg-Al LDH 

with different compositions (0, 2.5, and 5 % LDH) were obtained using the gel form 

of LDH. In this case, 10 g of iPP was dissolved in 100 mL of xylene in a round 

bottom flask at 150 °C with continuous stirring under argon atmosphere. After the 

complete dissolution of iPP, the required amount of Mg-Al LDH xylene gel was 

added to the flask under continuous stirring. In another case, the dispersion of LDH 

in xylene was prepared by sonication of required amount of LDH for 4 days. Such 

sonicated LDH dispersion was added to the required amount of iPP solution in a 

round bottom flask at 150 °C with continuous stirring under argon atmosphere. 

Amount of LDH was adjusted to different weight % to prepare nanocomposites 

with different LDH contents (0, 1, 2.5, 5, and 10 % LDH). The resultant solution was 

refluxed at 150 °C for 24 hrs for the homogeneous dispersion of LDH platelets in 

iPP solution. The polymer solution was poured into 100 mL of ethanol. The 

precipitate was filtered, washed with ethanol several times and dried in a vacuum 

oven at 100 °C for 24 h. 

 2.6. Characterization 

Wide-angle and Small-angle X-ray Scattering (WAXS/SAXS): WAXS/SAXS 

measurements were carried out on XEUSS SAXS/WAXS system using a 
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Genixmicrosource from Xenocs operated at 50 kV and 0.6 mA. The Cu K radiation 

( = 1.54 Å) was collimated with FOX2D mirror and two pairs of scatter less slits 

from Xenocs. The 2D-patterns were recorded on a Mar345 image plate and 

processed using Fit2D software. All the measurements were made in the 

transmission mode. The sample to detector distance, which was calibrated with 

silver behenate standard, was 1044 mm for SAXS and 214.5 mm for WAXS, 

respectively. All the samples were crystallized under controlled conditions to 

understand the effect of LDH on the crystallization behavior of iPP. Samples were 

melted at 200 °C in DSC for approximately 5 min to remove the previous thermal 

history and are rapidly quenched to the isothermal crystallization temperature 

(130 °C). Samples were allowed to crystallize at 130 °C for 1 h (Figure 2.9a). Such 

prepared samples were used for SAXS and WAXS analysis.  

Surface Area Analysis: The specific surface area was measured using the 

Brunauer, Emmet and Teller (BET) surface area analyzer (Micrometrics TriStar 

3000 V6.05A). Surface areas were measured from the Nitrogen adsorption using 

the multi-point method after degassing the LDH powders at 150 °C for 2 hr. 

Fourier Transform Infrared Spectroscopy (FTIR): The infrared spectra were 

measured with a Perkin-Elmer series FT-IR spectrometer-2 over the wavenumber 

range of 4000 – 400 cm-1. The powder sample was mixed with KBr and pressed in 

the form of pellets. The FTIR spectra were collected with 32 scans and a resolution 

of 1 cm-1. 

Scanning Electron Microscopy (SEM): Surface morphology of the LDH was 

investigated using SEM (Zeiss EVO 18 cryo SEM) with an accelerating voltage of 20 

kV. LDH suspensions in water were deposited over a glass cover slip, which is 

pasted onto carbon-coated grid and imaged after natural drying at room 

temperature.  

Transmission Electron Microscopy (TEM): TEM images were recorded on a JEOL 

2010 transmission electron microscope operating at 300 kV.  As-prepared LDH 

particles were dispersed in water and directly deposited on a carbon-coated 

copper grid. In another case, after acetone treatment/sonication, LDH samples 

were dispersed in xylene and deposited on a carbon-coated copper grid. All the 

grids were dried for 2 days and imaged under transmission electron microscope. 
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The elemental constitution of the materials was determined on an energy 

dispersive spectrometer (Technai G2 30LaB6, ST with EDS).  

Thermogravimetric Analysis (TGA): The TGA thermograms were recorded in the 

heating process by using thermo gravimetric analysis TA Q50 under nitrogen gas 

atmosphere at a rate of 10 °C/min.  

Differential Scanning Calorimetry (DSC): The crystallization and melting 

behavior of all samples were measured using a differential scanning calorimeter 

(Perkin Elmer Pyris 6 DSC). The melt crystallization temperature (Tmc) was 

measured for iPP and iPP/LDH nanocomposites. In this case, sample was first 

heated from room temperature to 200 °C (above melting temperature of iPP) at a 

rate of 10 °C/min, where it was held for 1 min to erase the thermal history of the 

sample, then cooled at a rate of 10 °C/min to room temperature to measure the Tmc. 

All the samples were reheated to 200 °C to measure the melting temperature. In 

another set of experiments, crystallization half-time was measured at isothermal 

crystallization temperature. The thermal program employed for the isothermal 

crystallization is depicted in Figure 2.9a. Molten samples were rapidly cooled to a 

desired crystallization temperature (Tc) i.e. 130 °C at a rate of 100 °C/min, and kept 

for 60 min for the isothermal crystallization. All the DSC experiments were 

conducted under nitrogen atmosphere. 

Polarized Optical Microscopy (POM): A polarized optical microscope (Universal 

polarizing microscope ZPU01, Carl Zeiss Inc.) equipped with a Linkam hot stage 

was used to monitor the spherulites. Average spherulite size was measured 

manually using Image J software. This size corresponds to the average equatorial 

diameter of the spherulite. The thin-film specimens were prepared by melting the 

samples at 200 °C for 1 min and then rapidly cooled to the crystallization 

temperature. 

Atomic Force Microscopy (AFM): Atomic force microscopy (Digital Instruments, 

Inc., Santa Barbara) (AFM) imaging was performed using a Dimension 3100 and a 

CP microscope (Park Scientific Instrument, Inc) in the tapping mode. 
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3.1. Abstract 

The surface area of nanofillers is a key parameter in determining the properties of 

polymer nanocomposites. In this work, LDH having different surface areas were 

synthesized by the co-precipitation method using different bases. A new method has been 

developed for the simultaneous delamination and the lateral size reduction of LDH in a 

one-step procedure by treating the as-prepared LDH by dilute acid. This method directly 

resulted in the delaminated LDH sheets with lateral dimensions as low as 10-30 nm and 

featured a thickness of ~1 nm with the same chemical composition. The effect of different-

sized LDH on the hierarchical structure formation and properties of iPP was 

systematically investigated. The uniformly dispersed LDH particles have a significant 

effect on the nucleation ability, thermal stability and mechanical properties of iPP. The 

incorporation of nanodot LDH showed a remarkable effect on spherulite size, lamellar 

thickness, crystal structure, crystallization rate and thermal stability of iPP with only 1 wt 

% loading. Furthermore, the microstructure of the iPP nanocomposites was systematically 

DMF+ HCl
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iPP

Simultaneous Size Reduction and Exfoliation of LDH

100 nm 50 mm

iPP iPP/nd-LDH
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investigated at multiple length scales in the presence of different-sized LDH, which is a key 

to understand the polymer properties. 

3.2. Introduction 

Engineering thermoplastics in general and polypropylene, in particular, received 

indispensable attention from the industry, since these are low cost and easily 

processable polymeric materials used for various applications like fibers, packaging, 

laboratory equipment, automotive components, electronics etc.1, 2 The application of 

polypropylene (iPP) as an engineering plastic is often limited due to its low impact 

strength and Young’s modulus. It has been demonstrated that the addition of the 

nanofillers to polypropylene can result in the formation of nanocomposites with 

significantly improved thermomechanical and optical properties.3-6 Among the 

numerous nanofillers, two-dimensional sheet like nanostructures such as layered 

silicates, graphene, and its analogs, and recently LDH have found interest by 

researchers as multifunctional nanofillers for polymers.3, 4, 7-9 

The macroscopic properties of semicrystalline polymers are mainly determined 

by the structure and morphology of the polymers, including the degree of crystallinity, 

crystallite size, and crystal structure. Hitherto, extensive studies were aimed to clarify 

the influence of nanosized filler on the crystallization behavior of iPP.10-14 In most of the 

cases, the nanofillers act as heterogeneous nucleating agents, enhancing the 

crystallization kinetics of iPP. When we consider the effect of nanofillers, the particle 

size, shape, surface modification, the dispersion quality, the interaction with the 

polymer, etc. play the crucial role in determining the nucleation efficiency of the 

nanofillers.12-19 For example, it has been found in several cases that the high degree of 

dispersion of the nanofillers in polymer matrix increases the rate of crystallization. In 

some other cases, interactions between the filler surface and the polymer chains 

determine the nucleation efficiency. Among the commonly used nanofillers, it was 

showed that carbonaceous nanofillers (carbon nanotubes, graphene, and its analogs) 

exhibit stronger nucleating abilities for iPP.13, 20, 21 Using carbon nanotubes, it was 

demonstrated that the aspect ratio is an important factor influencing the nucleating 

ability of the nanofillers and the low-aspect-ratio CNTs could provide more nucleating 
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sites for polymer crystal growth compared with the large-aspect-ratio CNTs.16 Although 

some efforts have already been reported to understand the effect of surface 

modification, the dispersion quality, and shape of the nanofillers, a systematic study by 

tuning the surface area of the nanofillers is still missing. Specific surface area of the 

nanofiller plays an important role in reducing the nucleation barrier of the 

semicrystalline polymers, thereby influencing the crystallization rate of polymers. 

Compared to other two-dimensional materials, the surface areas of LDH can be easily 

adjusted during the synthesis or post-modification process.12, 22  

In our previous chapter, we have tuned the surface area of LDH by 

ultrasonication and showed that sonicated LDH particles showed better nucleation 

ability compared to that of the as-synthesized LDH.12 Herein, we report a method for 

the simultaneous delamination and the lateral size reduction of LDH in a one-step 

procedure. This method involves the dilute acid treatment of the as-prepared LDH 

having the particle sizes ~ 200 nm. The delaminated LDH sheets exhibit lateral 

dimensions as low as 10-30 nm and feature a thickness of ~1 nm with the same 

chemical composition. In the present study, we also clarify the effects of three different-

sized LDH (having different surface areas) on the various physical properties of the host 

iPP such as thermal stability, dynamic mechanical behavior and nucleation ability. The 

remarkable improvements in the physical properties of iPP reported here are with only 

1 wt % LDH nanodots. Furthermore, the hierarchical structure of the iPP 

nanocomposites is investigated using POM, WAXS and SAXS in the presence of different-

sized LDH. 

3.3. Results and Discussion 

3.3.1. Synthesis and Characterization of Different-sized LDH 

In our previous chapter, we have reported the synthesis and delamination of Mg-

Al LDH using urea as a base.12 The procedure adopted in that work yielded the LDH 

with lateral sizes ~ 3-4 mm. By taking the advantage of AMOST method, the hydrophilic 

LDH was converted into hydrophobic, and it was dispersed effectively in non-polar 

solvents like xylene.23 The delaminated LDH (mm-LDH) still retained the hexagonal 

platelet morphology with the lateral sizes ~3-4 mm. The fragmented LDH having the 
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lateral sizes ~ 30-100 nm was prepared by the sonication of mm-LDH for longer 

duration i.e. 4 days. To avoid prolonged sonication of LDH, herein, we used a different 

reaction environment to prepare the nanometer sized LDH by co-precipitation method. 

It has been reported that several parameters such as metal ion concentration, reaction 

temperature, pH, the rate of addition, aging time and mixing efficiency dictate the 

nucleation and growth process of LDH and as a result the morphology and crystal size.8, 

24-27 In the present case, LDH preparation was carried out using HMT as a base, instead 

of urea by keeping the reaction conditions same as above except concentration of HMT. 

Figure 3.1a shows the TEM image of the LDH synthesized using HMT as a base. As 

evidenced by TEM, the lateral size of the LDH is in the range of 100 – 200 nm, which is 

several magnitudes lesser than the lateral size of LDH synthesized using urea. Such 

difference in the lateral size of the LDH might be due to the increase in a number of 

nucleating sites in the presence of HMT. Compared to urea, HMT is a stronger base, and 

the ammonia release rate in HMT is faster than that of urea, and as a result, the rapid 

nucleation occurs in the presence of HMT that resulted in the smaller-sized particles.27 

Another notable difference is the morphology of the platelets, which also occurs due to 

the difference in the nucleation and growth process in different reaction environments. 

The energy-dispersive X-ray spectrum (EDS) confirmed the composition of the Mg-Al 

LDH (Figure 3.1b), and it is in good agreement with the previously reported EDS 

spectrum of Mg-Al LDH prepared using urea.12 The morphology and thickness of LDH 

were evaluated by the AFM. Figure 3.1d shows the typical AFM height image and 

corresponding height profile of as-synthesized Mg-Al LDH using HMT as a base. It is 

evident from Figure 3.1d that the as-synthesized sample shows the platelet like-

morphology with the lateral size 200 nm and thickness ~16 nm. The same AMOST 

method was used to delaminate the LDH, and the TEM image of the delaminated LDH 

nanosheets (nm-LDH) is shown in Figure 3.1e. Compared to the as-synthesized LDH, the 

contrast of delaminated LDH (nm-LDH) sheets is weak that indicates the delamination 

of LDH to single- or few-layer nanosheets. 
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Figure 3.1. Characterization of nm-LDH. (a) TEM, (b) EDS spectrum, (c) FTIR patterns of 

Mg-Al LDHs prepared in presence different bases (HMT and urea base), (d) AFM image and 

height profile of as-prepared Mg-Al LDH, and (e) TEM image of delaminated LDH. 

The 2D nanodot LDH (nd-LDH) with lateral dimensions of 10-30 nm and 

thickness ~ 1 nm was prepared by dissolution assisted exfoliation in mixed solvents 

using the procedure established in the case of other layered materials such as MoS2.28 

Typically, as-prepared LDH using HMT as base (with 200 nm lateral size) has been 

dispersed in a mixture of DMF and HCl (4:1 volume ratio) and sonicated for 2 hours. 

DMF is a known solvent to swell the Mg-Al LDH and acids can dissolve the LDH.29-32 

Hence the judicious selection of these proper solvents in convenient proportions leads 

to the cleavage and delamination of the bulk LDH into single layered nanodots without 

long time energy consuming sonication. The TEM and AFM height images of the nd-LDH 

are shown in Figure 3.2. It is clear that the lateral size has been reduced drastically to 

less than 30 nm and the histogram given in the inset of Figure 3.2a shows the lateral 

size distribution, with the peak maxima at 30 nm. The height of the LDH has been 

reduced to ~ 1 nm, typical for the single layered sheets (Figure 3.2b),33 which reveals 

that these LDH were undergone the process of exfoliation rather than the dissolution of 

the material. EDS spectrum was documented after the dilute acid treatment, to probe 
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whether there is any compositional variation and is given in Figure 3.2c. One can notice 

that the ratio of Mg-Al remains almost same compared to the nm-LDH, which confirms 

the compositional integrity of nanodots with nano-sized LDH. 

 

Figure 3.2. Characterization of nd-LDH. (a) TEM, (b) AFM image, and (c) EDS spectrum of 

nd-LDH obtained by treating the Mg-Al LDH (Figure 3.1a) with mixed solvents (DMF/HCl). 

3.3.2. Dispersion of Different-sized Mg-Al LDH in Polypropylene 

To investigate the effect of lateral size of LDH on the polymer properties, iPP 

nanocomposites were prepared using three different sized LDH (µm-LDH, nm-LDH, and 

nd-LDH), as reported by the previous method.12 Figure 3.3 depicts the powder X-ray 

diffraction patterns of iPP nanocomposites containing three different-sized LDH (1 

wt%) along with pristine iPP, and LDH prepared using different bases. Both the LDH 

show the characteristic 00n reflections, confirming the formation of the multilayer LDH 

structure. The LDH prepared using HMT as a base showed lower 2 positions of (00n) 

planes compared to the LDH prepared using urea as a base. This may be due to the 

presence of different anions within the LDH layers. LDH prepared using HMT as base 

showed the presence of nitrate anions, whereas both nitrate and carbonate anions are 

present in the gallery of LDH prepared using urea as a base (Figure 3.1c). Another 

notable difference observed between these LDH is the change in full-width at half 

maximum (FWHM) of (00n) planes indicating the different crystal sizes of these LDH. 

The reflections corresponding to the (00n) planes of LDH are not observed in the X-ray 

diffraction patterns of iPP nanocomposites containing different-sized LDH that 

(a) (b) (c) 
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indicates the fine dispersion of LDH within the iPP matrix without 2D layer stacking. 

The details about the crystal structure will be discussed in a later section. 

 

Figure 3.3. Powder X-ray diffraction patterns of iPP and its nanocomposites containing 

different-sized LDH (for comparison, the powder XRD patterns of LDH prepared by two 

different bases are shown). Polymer and nanocomposites samples were prepared by 

cooling the melt at a rate of 10 °C/min in the DSC pan.   

 

Figure 3.4. Cross-sectional TEM images of the iPP/Mg-Al LDH (5 wt %) 

nanocomposites prepared using (a) µm-LDH and (b) nm-LDH. 

 The homogeneous dispersion of µm-LDH and nm-LDH in iPP is further 

visualized with the help of cryo-TEM using nanocomposites containing 5 wt% of LDH 

(Figure 3.4). In the case of iPP/µm-LDH nanocomposites, the sheet like morphology of 

the LDH is preserved in nanocomposite structure. The partially or fully exfoliated LDH 
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are dispersed in the polymer matrix homogeneously. On the other hand, in iPP/nm-LDH 

nanocomposites, the dispersion is quite uniform, and the thin transparent sheets retain 

as such without any aggregation. Visualizing the nd-LDH in iPP matrix is difficult due to 

their small sizes and the TEM image of the iPP/nd-LDH nanocomposites is not shown 

here. These results suggest that LDH platelets have been successfully dispersed into the 

polymer matrix without much agglomeration during solution blending. 

3.3.3. Hierarchical Structure of iPP/LDH Nanocomposites 

3.3.3.1. Influence of Lateral Size of LDH on the Crystallization Kinetics and 

Microstructure of iPP 

The influence of different-sized Mg-Al LDH on the crystallization rate of iPP was 

studied using DSC. Quite often, the crystallization temperature (Tmc) upon cooling from 

the melt is used to measure the crystallization rate of the polymer.34 Higher the Tmc, the 

higher is the crystallization rate of the polymer. Figure 3.5a shows the DSC 

thermograms of pristine iPP and iPP/LDH nanocomposites containing different-sized 

LDH (1 wt %) obtained during cooling at a rate of 10 °C/min. It can be seen that the size 

of the LDH has a significant role in determining the crystallization temperature and the 

nanocomposite samples showed the higher Tmc than pristine iPP, indicating that the 

addition of LDH accelerates the crystallization rate of iPP. The Tmc values measured for 

various samples are summarized in Table 3.1. The change in Tmc values was found to 

depend upon the lateral size of the LDH used for the preparation of nanocomposites. 

The incorporation of µm-LDH has a little effect on the Tmc (Tmc = Tmc(nanocomposite)-

Tmc(iPP)= 5.2 °C), whereas the incorporation of nm-LDH has a moderate effect on the Tmc 

(Tmc = 10.6 °C). On the other hand, the incorporation of nd-LDH dramatically shifted 

the Tmc of iPP to a higher temperature (Tmc = 19.5 °C). To the best of our knowledge, 

the Tmc value observed for the iPP containing 1 wt% of nd-LDH is the highest compared 

to the Tmc values reported for iPP/LDH nanocomposites so far. The Tmc values reported  
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Table 3.1. Summary of BET surface area of LDH, crystallization kinetics parameters of iPP 

and iPP/LDH nanocomposites with different-sized LDH. 

Mg-Al LDH iPP-Mg-Al LDH nanocomposites 

Samples 

 

BET surface 

area (m2/g)   

(± 5) 

Samples 

 

 t1/2                  

at 130 °C 

(min.)      

(± 0.2) 

Avrami 

constant  

(n)              

(± 0.01) 

 Tmc 

(°C)         

(± 0.3) 

As-synthesized 

Mg-Al LDH 

115 iPP 16.0 2.6 110 

mm-LDH 200 1 wt% mm-LDH 9.2 2.7 115.2 

nm-LDH 393 1 wt% nm-LDH 3.8 3.1 120.6 

nd-LDH 620 1 wt% nd-LDH 0.7 3.5 129.5 

 

In literature for iPP/LDH nanocomposites are summarized in introduction chapter 

(Table 1.2). To further confirm the influence of different-sized LDH on the 

crystallization rate of iPP, isothermal crystallization was carried out at 130 °C. Figure 

3.5b shows the DSC thermograms of pristine iPP and iPP/LDH nanocomposites 

containing different-sized LDH (1 wt %) during isothermal crystallization at 130 °C. The 

crystallization half-time (t1/2), which is the time required to complete 50% of the 

crystallization under isothermal conditions, measured for various samples are 

summarized in Table 3.1. Compared to the pristine iPP, both the induction time and the 

t1/2 decreased with the incorporation of different-sized LDH and the decrease is drastic 

in presence of the nd-LDH. The crystallization exotherm observed for the iPP/nd-LDH is 

very sharp and the t1/2 measured is ~0.7 min. It is seen that the lateral size of LDH plays 

an important role on the crystallization rate of iPP. The incorporation of 1 wt% of µm-

LDH, nm-LDH and nd-LDH reduced the t1/2 to 42.5%, 76.2% and 95.6%, respectively, of 

that of the neat iPP at 130 °C. Figure 3.5c illustrates the relationship between the 

surface area of the LDH and Tmc and t1/2 of the nanocomposites. As evident from the 

graph, a strong correlation was observed between the surface area of the LDH and 

crystallization kinetics of iPP. In the case of nd-LDH, the effect of LDH loading on the t1/2 

of the iPP/nd-LDH was investigated using 0.5, 1 and 1.5 wt % loadings. It was found 
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that 1 wt% of nd-LDH is optimal loading for the effective crystallization of iPP (Figure 

3.5d). 

   

Figure 3.5. DSC thermograms of pristine iPP and iPP/LDH nanocomposites containing 

different-sized LDH (1 wt %) obtained during (a) cooling from the melt at a rate of 10 °C/min, 

(b) crystallization isotherms obtained at 130 °C, and (c) surface area of the LDH versus Tmc 

and t1/2 of the nanocomposites, and (d) DSC thermogram shows the isothermal 

crystallization behavior of the iPP/nd-Mg-Al LDH nanocomposites with different 

concentration. 

Isothermal crystallization kinetics for pure iPP and its nanocomposites containing 

different-sized LDH were analyzed using Avrami equation as discussed in our previous 

chapter.12, 35 Table 3.1 summarizes the Avrami constants estimated for iPP and various 

nanocomposites crystallized at 130 °C. The n values of pure iPP and iPP/µm-LDH were 

almost similar and this n value might be attributed to a heterogeneous nucleation 

followed by diffusion controlled spherulite growth (mixed two-dimensional (2D) and 

three-dimensional (3D) crystal growth). On the other hand, n value for the 
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nanocomposites containing nm-LDH and nd-LDH is slightly higher than 3, which is 

typical for a rapidly nucleating system mostly through heterogeneous nucleation 

undergoing three-dimensional crystal growth in presence of the tiny LDH particles. 

 

Figure 3.6. POM images of pure iPP and its nanocomposites crystallized isothermally at 

130 °C: (a) iPP, (b) iPP/1 wt% µm-LDH, (c) iPP/1 wt% nm-LDH and (d) iPP/1 wt% nd-LDH. 

Figure 3.6 shows the POM images of iPP and its nanocomposites prepared using 

different-sized LDH after isothermal crystallization at 130 °C. The pristine iPP exhibits a 

characteristic spherulitic structure with well-defined boundaries due to the slow 

crystallization rate (Figure 3.6a). These spherulites showed negative birefringence 

(type II) and a Maltese cross extinction pattern is clearly visible.36-38 In contrast, for the 

iPP/LDH (1 wt%) nanocomposites, the spherulite size decreases drastically and the 

individual spherulites are not clearly visible. No evidence of macroscopic aggregation of 

LDH particles was observed in the nanocomposites. The uniform size of the spherulites 

in iPP/LDH nanocomposites suggest that the well-dispersed LDH particles act as 

heterogeneous nucleation sites and barricade iPP spherulite growth. With the decrease 

in lateral size of the LDH particles, the number of nucleation sites increased 
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dramatically and higher number of spherulites (or axialites) was observed. By 

comparing the effect of lateral size of LDH on the crystalline morphology of iPP, it is 

apparent that nd-LDH provides the largest number of nuclei due to the increased 

surface area and better dispersion of LDH particles in iPP matrix. By combining the 

POM results with the aforementioned DSC results, it may be concluded here that nd-

LDH particles have the outstanding efficiency on overall crystallization rate of iPP than 

the larger-sized LDH particles. 

3.3.3.2. Influence of Lateral Size of LDH on the Crystal Structure and Lamellar 

Morphology of iPP 

In order to understand the effect of lateral size of LDH on the crystal structure and 

lamellar morphology of iPP, the samples were prepared with the well-defined thermal 

history under controlled conditions. All the samples were melted at 200 °C in DSC and 

cooled to room temperature at a rate of 10 °C/min. The samples recovered from the 

DSC pans were used to acquire WAXS and SAXS data in transmission mode. The WAXS 

patterns (Figure 3.3) of iPP, iPP/mm-LDH and iPP/nm-LDH samples showed strong X-

ray reflections at 2θ = 14.2°, 17.0°, 18.7°, 20.2°, 21.3°, and 22.1° corresponding to the 

monoclinic  form.39 In iPP, the formation of the  form is a kinetically driven process. 

On the other hand, iPP/nd-LDH nanocomposite sample showed an additional reflection 

at 2θ = 20.1° and it was assigned to the (117) plane of the  form.40 It has been reported 

that the  form can be obtained in several manners such as by introducing stereo and 

regio-irregularities using metallocene catalyst, in the case oligomers having molecular 

weights between 1000 and 3000 g/mol or at elevated temperature and pressure.40-43 It 

was also reported that the formation of the  form is thermodynamically more favored 

compared to the  form. Thomann et al. reported that the formation of the  form is 

favored under low supercoolings.40  

As discussed in the preceding section, iPP/nd-LDH nanocomposites were 

crystallized rapidly at high Tmc ~129.5 °C. Presumably, the low degree of supercooling 

favors the formation of minor fractions of the  form in iPP/nd-LDH nanocomposite 

sample. In order to confirm this, pristine iPP was crystallized at 130 °C and the  
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Table 3.2. Summary of lamellar parameters and degree of crystallinity estimated for iPP and 

its nanocomposites by different methods. 

Samples 

 

Lamellar parameters Degree of crystallinity  

L (Å) 

(± 0.5) 

lc (Å)           

(± 0.5) 

la (Å)        

(± 0.5) 

SAXS 

(lc/L)×100 

(± 0.5) 

WAXS* 

(± 0.5) 

DSC**

             

(± 0.5) 

iPP 130 76 54 58.4 65.0 58.7 

iPP/mm-LDH (1 wt%) 140 81 59 57.8 63.5 55.4 

iPP/nm-LDH (1 wt%) 155.5 89.5 66 57.5 64.2 57.0 

iPP/nd-LDH (1 wt%) 169 99 70 58.5 65.3 59.9 

*   
  

     
     , where Ic is area under the crystalline peaks and Ia is area under the 

amorphous halo. 

**    
   

   
     , where Hm is the observed melting enthalpies of iPP and its 

nanocomposites and    
  is melting enthalpy of 100% crystalline iPP (177 J/g).44 

   

Figure 3.7. (a) Lorentz corrected SAXS patterns of iPP and its nanocomposites with 

different-sized LDH, (b) corresponding 1D electron density correlation function curves.   

 Corresponding WAXS pattern (not shown here) showed the presence of minor 

fractions of the  form similar to that of the iPP/nd-LDH sample. The degree of 
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crystallinity was estimated by deconvolution method and the results are summarized in 

Table 3.2. It is apparent that the degree of crystallinity is not affected much by the 

addition of different-sized LDH. 

To further understand the change in the lamellar thickness, SAXS measurements 

were carried out on the pristine iPP and its nanocomposites. Figure 3.7a shows the 

Lorentz-corrected SAXS patterns for both pristine iPP and the nanocomposites 

prepared using different-sized LDH. Pristine iPP sample shows a peak at ~0.45 nm-1 

attributed to the alternating crystalline and amorphous microstructure of the lamellae. 

A broad scattering peak at higher q (~0.9 nm-1) in pristine iPP indicates the formation 

of ordered periodic lamellar structure. On the other hand, nanocomposite samples 

containing 1 wt% of different-sized LDH show similar SAXS pattern, albeit the broad 

scattering intensity at low q, which might be due to the presence of well-dispersed LDH 

particles within the iPP matrix. The slope of the scattering intensity at low q was found 

to have correlation with the lateral size of the LDH particles. From the SAXS patterns 

showed in Figure 3.7a, it is obvious that the presence of different-sized LDH particles do 

not significantly modify the lamellar structure of iPP other than the morphological 

parameters such as long period (L), lamellar thickness (lc) and amorphous thickness 

(la).  In order to estimate the morphological parameters, Fourier transformation of the 

scattering curves was performed based on the method illustrated by Strobl and 

Schneider as shown in Figure 3.10a to yield the normalized one-dimensional electron 

density correlation function curves.45 The lamellar parameters obtained for iPP and its 

nanocomposites are listed in Table 3.2. 

As the crystallinity in these samples is around 60%, based on the earlier reports, 

we assume that the larger value is crystalline lamellar thickness, lc, and the smaller 

value is the amorphous thickness, la.46 These results indicate that the lamellar 

parameters are strongly influenced by the different-sized LDH. Both L and lc values 

were found to increase with the addition of different-sized LDH. It was also found that 

these values increased with the decrease in the lateral size of the LDH. The L and lc 

values of iPP/nd-LDH increased by 39 Å and 23 Å, respectively, with respect to the 

pristine iPP. In the preceding section, it was showed lateral size of the LDH strongly 



 “Nanosize” Effect of LDH on Structure and Properties of iPP 

 

  83 
 

influenced the Tmc of iPP (Figure 3.5a). In the case of iPP/nd-LDH nanocomposites, the 

overall crystallization rate of iPP increased significantly and as a result the polymer 

crystallized at the higher temperature during cooling from the melt. The strong 

dependence of the crystallization temperature on the lamellar thickness has been 

reported for some semicrystalline polymers.47, 48 On the basis of these results, we may 

say that the lateral size of the particles influences the Tmc of iPP under nonisothermal 

conditions, and that Tmc determines the lamellar parameters. The degree of crystallinity 

((lc/L)×100) estimated from the SAXS is in good agreement with the degree of 

crystallinity calculated from WAXS and DSC. Another noteworthy point to highlight here 

is that larger LDH particles are not located in the inter-lamellar region of iPP. Nam et al. 

illustrated the dispersion of clay platelets in the PP matrix in semicrystalline PP 

nanocomposites.14 Similar to their case, LDH particles are expected to reside in the 

amorphous phase outside the stacked lamellar structure. 

3.3.4. Performance of iPP/LDH Nanocomposites 

3.3.4.1. Thermal Stability of iPP/LDH Nanocomposites 

The influence of different-sized LDH (1 wt%) on the thermal stability of iPP was 

examined by TGA under nitrogen atmosphere (Figure 3.8). The single decomposition 

observed in all the nanocomposite samples indicates the random scission of polymeric 

chains is the major decomposition mechanism, quite similar to that of pristine iPP. The 

50% weight loss temperature (T0.5) for pure iPP is ~ 410 °C and it increases to 436 °C, 

448 °C, and 457 °C for 1 wt% loaded iPP/mm-LDH, iPP/nm-LDH, and iPP/nd-LDH 

nanocomposites, respectively. As the lateral size of LDH decreases, the thermal stability 

of iPP increases significantly and highest thermal stability was observed in the case of 

iPP/nd-LDH nanocomposites. It has to be noted that though all the nanocomposite 

samples are reinforced with same amount of LDH (1 wt%), a significant difference in 

the thermal stability of iPP was observed with the lateral size of the LDH particles. As 

reported on our previous chapter, presumably, well dispersed LDH particles capture 

the radicals that generated during degradation.12 It is expected that nd-LDH will have 

relatively large number of dispersed particles in the polymer matrix compared to that 

of the nm-LDH and mm-LDH. Similar result was observed by O’Hare and co-workers 



Chapter-3 

 

  84 
 

using 1 wt% LDH loadings in surfactant-modified Mg-Al LDH/PP nanocomposites 

synthesized by microemulsion method.49 

 

Figure 3. 8. TGA thermograms of iPP and its nanocomposites with different-sized LDH. 

3.3.4.2. Dynamic Mechanical Analysis (DMA) 

The viscoelastic properties of the iPP and its nanocomposites were analyzed 

using DMA and the data are given in Figure 3.9. It has to be noted that for viscoelastic 

properties, nanocomposites were prepared with 5 wt% of different-sized LDH. It is 

observed that the storage modulus (Eꞌ) of the nanocomposites is higher than the 

pristine iPP in the entire temperature range and it decreases with increasing 

temperature with a plateau region observed near the glass transition temperature (Tg). 

The sharp reduction of Eꞌ in the lower temperature region can be assigned to the 

amorphous phase relaxation of iPP.50, 51 It can be seen that the lateral size of the LDH 

has a significant role on the increase of storage modulus of iPP. Smaller the LDH 

particle, higher is the storage modulus of iPP. Among the different-sized LDH, 

nanocomposites having nd-LDH showed higher Eꞌ due to the better reinforcing effect 

of smaller-sized LDH particles in the polymer matrix. These results indicated that 

higher the surface area of LDH, the stronger is the interfacial strength between iPP and 

LDH particles. 
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Figure 3.9. Temperature-dependent dynamic mechanical properties of iPP and its 

nanocomposites containing different-sized LDH: (a) storage modulus (Eꞌ) and (b) tan δ. 

The tan δ plot obtained from DMA is given in Figure 3.9b, which gives 

information about the damping ability of the material. The subtle change in the 

molecular level motion and the chain relaxations of semicrystalline polymers can be 

probed from this analysis. In the present case, the peak near ~ 6 °C remains more or 

less at same temperature in iPP and its nanocomposites, indicating that Tg is not 

affected by the addition LDH.14, 50-52 But it should be noted that the intensity of this 

peak is decreased with the decrease in lateral size of LDH and this might be due to the 

decreased damping of the stiffer nanocomposites formed with the highly dispersed nd-

LDH. In other words, these nd-LDH have more effective interfacial adhesion to the 

polymer matrix, thereby reducing the molecular chain motions which is indicated by 

the reduced height of the peak corresponding to Tg. The second broad peak in tan δ 

lying above 120 °C is arising from the relaxation and reorganization of the crystalline 

lamella and crystalline-amorphous interface of iPP.46, 50, 51 It is noticed that storage 

modulus is decreased and damping of the polymer chains are increased in this 

temperature regime. It is to be underlined that damping is much lower in the case of 

nd-LDH composites and no peak is visible in the selected temperature region, possibly 

due to the fact that presence of smaller-sized LDH favored the lamellar thickening and 

restricts the free movement and molecular relaxations of amorphous iPP chains due to 

the increased number of LDH particles.46, 50-52 
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Table 3.3. Summary of DMA analysis of iPP and its nanocomposites containing different-

sized LDH. 

Samples Storage modulus 

(Eꞌ) MPa at -30 °C 

(± 0.1) 

Storage modulus 

(Eꞌ) MPa at 0 °C 

(± 0.1) 

tan max 

(°C) 

(± 1) 

iPP 2.4 1.7 6.1 

5 wt% iPP/mm-LDH 3.3 1.9 5.8 

5 wt% iPP/nm-LDH 3.9 2.2 5.4 

5 wt% iPP/nd-LDH 4.5 2.5 6.7 

 

 3.4. Conclusions 

Different-sized Mg-Al LDH were prepared by the conventional co-precipitation 

method, and particularly, a new method was developed to prepare nanodot-LDH by 

treating the as-prepared LDH with dilute acid. This method provided directly 

delaminated LDH sheets with lateral dimensions as low as 10-30 nm and feature a 

thickness of ~1 nm with the same chemical composition. As reported in our previous 

chapter, highly dispersed iPP nanocomposites were prepared by the solvent mixing 

method. It was observed that there is a clear dependence of the lateral size of LDH on 

the physical properties of iPP, and as the lateral size decreases, the properties such as 

thermal stability and mechanical properties are enhanced significantly. The uniformly 

dispersed nd-LDH particles have a significant effect on spherulite size, lamellar 

thickness, and crystal structure of iPP with very low LDH loadings (only 1 wt %). 

Isothermal and nonisothermal crystallization results revealed that the overall 

crystallization rate of iPP is faster in the presence of nd-LDH compared to that of the 

nm-LDH and mm-LDH and it might be due to the presence of the relatively large 

number of dispersed particles in the polymer matrix with high surface area.  

3.5. Experimental Section 

Materials: IPP pellets (Mw ~120000, Đ ~4.5) and metal salts like aluminium nitrate 

(Al(NO3)3·9H2O), and magnesium nitrate (Mg(NO3)2·6H2O)) were purchased from Sigma-

Aldrich Co. Ltd. Other chemicals such as urea, hexamethylenetetramine (HMT), xylene, 
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dimethylformamide (DMF), hydrochloric acid (HCl), ethanol, and acetone were received 

from Merck, India.  

Synthesis of LDH: The Mg-Al LDH with different lateral sizes was synthesized using the 

conventional co-precipitation method as follows.  

Micrometer-sized Mg-Al LDH (mm-LDH): Micrometer-sized LDH was synthesized using 

procedure adopted in the previous chapter.  

Nanosized Mg-Al LDH (nm-LDH): The nanosized LDH was synthesized using a strong 

base HMT.
27

 Magnesium nitrate (Mg(NO3)2·6H2O), aluminium nitrate (Al(NO3)3·9H2O), 

and HMT were dissolved in Millipore water in a molar ratio of 2:1:15 which results in a final 

concentration of  10, 5, 75 mM, respectively. The mixture was refluxed at 100 °C under 

continuous stirring for 24 hours in inert atmosphere. The precipitate was repeatedly washed 

with hot Millipore water to remove the unreacted reactants if any and vacuum dried at 60 °C 

for 24 hours. The lateral sizes of the LDH synthesized by this procedure are ~100-200 nm. 

Similar to the above, LDH obtained by this method was further washed with acetone and 

dispersed in xylene to obtain the delaminated LDH nanosheets. Hereafter delaminated 

nanosized LDH having lateral dimensions ~100-200 nm will be labelled as nm-LDH. 

Nanodot Mg-Al LDH (nd-LDH): Nanosized LDH prepared using HMT as base was 

sonicated in a mixture of DMF and HCl (4:1 volume ratio) for 2 hours to obtain the nanodot 

Mg-Al LDH. In this procedure, the treatment of LDH with the acid leads to the simultaneous 

size reduction and the delamination of LDH. The lateral sizes of the nanodot LDH ~10-30 

nm. Hereafter these LDH were labelled as nd-LDH. 

Preparation of iPP/LDH Nanocomposites: The nanocomposites of iPP/Mg-Al LDH 

containing three different sized LDH (mm, nm and nd) were prepared using solution blending 

method as discussed in chapter-2.  

3.6. Characterization 

XEUSS 2D SAXS/WAXS system with a Genixmicro source from Xenocs was used 

for the WAXD and SAXS measurements as discussed in chapter-2. Samples crystallized 

under controlled conditions using a differential scanning calorimeter were used for the X-ray 

measurements. The two-dimensional SAXS images were azimuthally integrated to obtain 1D 

scattering intensity profiles as a function of q, where q is the magnitude of scattering vector, 
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q  4 sin /, with 2 being the scattering angle and  is the X-ray wavelength. The 

resulting scattering intensity SAXS profiles were corrected for background scattering. To 

resolve the structure parameters of lamellar structure such as long period (L), lamellar 

thickness (lc) and amorphous thickness (la), normalized one-dimensional electron density 

correlation function was derived from the small-angle X-ray scattering curves. 

With the assumption of stacked lamellar structure (crystalline and amorphous layers), 

the normalized one-dimensional electron density correlation function (K(z)) is defined as 

follows.
45

 

                                    ( )   ∫    ( )    (  )   
 

 
  (3.1) 

Where z is normal to the layer faces in the lamellar stack, and I(q) is the scattered intensity. 

The various lamellar structural parameters were calculated from the K(z) curve as shown in 

Figure 3.10.  

   
Figure 3.10. Electron density distribution η(z) and the one-dimensional electron density 

correlation function K(z) for the lamellar system. L is the long period and la is the amorphous 

thickness. The mean lamellar thickness (lc) is obtained by subtracting la from the L (lc  L  

la). 

The morphology of various LDH prepared were analyzed with TEM and SEM as 

discussed in previous chapter. AFM (Digital Instruments, Inc., Santa Barbara with imaging 

performed using a Dimension 3100 and a CP microscope Park Scientific Instrument, Inc in 

the tapping mode) was used to probe the dimensions of LDH.  

In order to view the polymer nanocomposites, ultrathin sections of the samples 

(thickness ~ 60 nm) were sliced with a diamond knife (35° knife angle; DIATOME, 

Switzerland) using ultramicrotome EM UC/FC 6, Leica (Austria) at -140°C. The sections 

were flooded with a DMSO/water mixture on carbon filmed TEM copper grid. These thin 

slices of the samples polymer nanocomposites were analyzed using a TEM LIBRA. A 
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polarized optical microscope (Universal polarizing microscope ZPU01, Carl Zeiss Inc.) 

equipped with a Linkam hot stage was used to monitor the spherulites. The thin-film 

specimens were prepared by melting the samples at 200 °C for 1 min and then rapidly cooled 

to the crystallization temperature. The samples were imaged at the isothermal crystallization 

temperature of 130 °C. 

DSC measurements were performed on a TA Instruments DSC Q2000 model 

equipped with a refrigerated cooling system under nitrogen gas flow. The crystallization half-

time (t1/2) was measured to evaluate the crystallization rate of iPP and its nanocomposites. 

Molten samples were rapidly cooled to the desired crystallization temperature (Tc) (130 °C) 

at a rate of 100 °C/min, and then the samples were allowed to crystallize at that temperature. 

The non-isothermal crystallization data were collected while cooling the samples from the 

melt to room temperature at 10 °C/min. These samples were again reheated to 200 °C to 

analyze the melting behavior. DMA (TA Instruments Model Q800) was used to study the 

temperature-dependent dynamic mechanical properties of the samples. The samples with 

dimensions 25 × 6 × 0.4 mm
3
 were prepared using the hot press. All samples were annealed 

at 130 °C for 5 h. The prepared samples were used to measure the temperature-dependent 

storage modulus (E) and tan δ at a constant frequency (ω) of 6.28 rad/s with strain amplitude 

of 0.05%. The measurements were carried out in a temperature range of -50 to 160 °C, with a 

heating rate of 2 °C/min. Thermal stability of the prepared nanocomposites were analyzed 

with thermo gravimetric analysis TA Q50 instrument in the heating process at a heating rate 

of 10 °C/min. All the TGA measurements were carried out under the nitrogen atmosphere 

(nitrogen gas flow rate of 60 mL/min for the furnace and 40 mL/min for balance). 
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Polypropylene/Layered Double Hydroxide (LDH) Nanocomposites: 

Influence of LDH Intralayer Metal Constituents on the Properties of 

Polypropylene 

 

 

 

 

4.1. Abstract 

Sonication-assisted delamination of LDH resulted in the smaller sized LDH 

nanoparticles (50-200 nm). Such delaminated Co-Al LDH, Zn-Al LDH, and Co-Zn-Al LDH 

solutions were utilized for the preparation of highly dispersed iPP nanocomposites. TEM 

and WAXD results revealed that the LDH nanoparticles were well dispersed within the iPP 

matrix. The intention of the current study is to understand the influence of the intralayer 

metal composition of LDH on the various properties of iPP/LDH nanocomposites. The 

sonicated LDH nanoparticles showed a significant increase in the crystallization rate of 

iPP, however, not much difference in the crystallization rate of iPP was observed in the 

presence of different types of LDH. The dynamic mechanical analysis results indicated that 

the storage modulus of iPP was increased significantly with the addition of LDH. The 
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incorporation of different types of LDH showed no influence on the storage modulus of iPP. 

But considerable differences were observed in the flame retardancy and thermal stability 

of iPP with the type of LDH used for the preparation of nanocomposites. The thermal 

stability (50% weight loss temperature (T0.5)) of the iPP nanocomposite containing three-

metal-LDH (Co-Zn-Al LDH) is superior to nanocomposites made with the two-metal-LDH 

(Co-Al LDH and Zn-Al LDH). Preliminary studies on the flame retardant properties of 

iPP/LDH nanocomposites using the microscale combustion calorimetry showed that the 

peak heat release rate (HRR) was reduced by 39% in iPP/Co-Zn-Al LDH nanocomposite 

containing 6 wt% LDH, which is higher than that of two-metal-LDH containing 

nanocomposites iPP/Co-Al LDH (24%) and iPP/Zn-Al LDH (31%). These results 

demonstrated that the nanocomposites prepared using three-metal-LDH showed better 

thermal and flame retardant properties compared to that of the nanocomposites prepared 

using two-metal-LDH. This difference might be due to the better char formation capability 

of three-metal LDH compared to that of two-metal-LDH. 

4.2. Introduction 

Layered materials are an interesting class of compounds, consisting of 2D sheet 

like structure with strong bindings within the individual layer and weak Van der Waals 

forces between the layers.1-4 The weak interaction between these layers allows them to 

be exfoliated or delaminated into ultrathin 2D nanosheets. These ultrathin 

nanomaterials have gained significant interest after the discovery of exfoliated 

graphene from graphite.5 Dozens of 2D nanomaterials have been reported in the last 

few years including transition metal oxides, transition metal dichalcogenides, hexagonal 

boron nitride, synthetic silicate clays, layered metal oxides, LDH, etc.3, 6-9 Because of the 

promising applications of these ultrathin 2D nanomaterials, a large number of synthetic 

methods, such as mechanical cleavage,5, 10 chemical vapor deposition,11 ion-

intercalation and exfoliation,2 liquid exfoliation,3, 6 etc., have been developed. 

In recent times, LDH was considered as an emerging class of layered nanofillers 

for the preparation of polymer nanocomposites.7, 12-29 Wang et al. converted the 

hydrophilic LDH layers to hydrophobic by an aqueous miscible organic solvent 

treatment and prepared the stable dispersions of LDH in nonpolar solvents.18, 25, 30, 31 
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Subsequently, the exfoliated LDH nanosheets were used to prepare polypropylene/LDH 

nanocomposites by solution blending method.18, 25 Using this method, it was shown that 

the PP nanocomposites prepared with Zn2Al-borate displayed better performance than 

the nanocomposites prepared with the equivalent Mg3Al-borate.25 In another study, 

Wang and co-workers revealed that the gallery anions resulted in a significant 

difference in the properties of the polymer/LDH nanocomposites.32 Synergistic effect of 

different LDH with the combination of an intumescent flame retardant additive was 

studied by melt blending method and it was showed that the nanocomposite containing 

ternary LDH is a better flame retardant additive.33 Recently, we have reported the 

highly dispersed iPP/LDH nanocomposites using two different sized (lateral size) LDH 

and showed that the lateral size of the LDH has a significant influence on the thermal 

stability and crystallization rate of iPP.15 

Here, we prepared iPP/LDH nanocomposites filled with three different types of LDH 

(Co-Al LDH, Zn-Al LDH, and Co-Zn-Al LDH) by solvent mixing method, particularly using 

the sonicated LDH (fragmented LDH). Both LDH and iPP/LDH nanocomposites were 

carefully characterized by TEM, AFM, and WAXD. This study aims at unraveling the 

influence of the intralayer metal constituents of LDH on the crystallization rate, thermal 

stability, mechanical properties and flamretardancy of iPP nanocomposites. It was 

found that iPP/LDH nanocomposites containing three-metal-LDH showed better 

performance in thermal stability and flame retardancy compared to that of iPP/LDH 

nanocomposites containing two-metal LDH with the same loading. 

4.3. Results and Discussion 

4.3.1. Synthesis and Characterization of LDH 

Both two-metal LDH (Co-Al and Zn-Al LDH) and three-metal LDH (Co-Zn-Al 

LDH) were synthesized under the similar conditions by co-precipitation method. The 

powder X-ray diffraction patterns of LDH are displayed in Figure 4.1a. The sharp and 

symmetric features of the X-ray reflections corresponding to the (00n) planes suggest 

that the produced LDH have well-organized 2D layer stacking. A slight difference in the 

peak positions of (00n) planes of different LDH may be due to the presence of either 

different anions or amount of water molecules within the LDH layer.32, 34 Several other 
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reflections assigned to the lattice were observed in the 2 range 30° – 70° (Figure 4.7c). 

Overall, the X-ray pattern of the Co-Zn-Al LDH was nearly identical to those of Co-Al 

LDH and Zn-Al LDH in terms of peak positions and intensities. No peaks other than the 

typical LDH were detected, indicating the high purity of the obtained products. In 

literature, similar observation was made in the X-ray patterns of Mg-Al LDH upon the 

substitution of Mg2+ with Co2+ to obtain the Mg-Co-Al LDH.35 Figure 4.1b shows the FTIR 

spectra of the various LDH studied in this work. All the LDH exhibited the characteristic 

bands for interlayer carbonate (CO32-) and interlayer nitrate (NO3-) at 1356 cm-1 and 

1382 cm-1, respectively. The conditions favored the formation of CO32- and NO3- was 

explained in our previous chapter-2.15 The presence of IR bands at 3440 cm-1 ( (O-H)) 

and 1632 cm-1 ( (H2O)) confirmed the presence of interlayer water molecules. 

 

Figure 4.1. (a) Powder X-ray diffraction patterns and (b) FTIR spectra of as-prepared Co-Al 

LDH, Zn-Al LDH, and Co-Zn-Al LDH. 

 

To obtain the information about the size and shape of the as-synthesized LDH 

(bulk), the SEM and TEM images were taken and are shown in Figure 4.2. As-prepared 

LDH platelets displayed the three-dimensional (3D) platelet-like morphology with a 

dark contrast, indicating the presence of several layers of platelets in a single particle. 

However, the sizes and shapes of these LDH have found to be different from each other. 

The Co-Al LDH, Zn-Al LDH, and Co-Zn-Al LDH adopted different morphologies such as 

circular platelets, hexagonal platelets with rounded edges and hexagonal platelets with 
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sharp edges, respectively. This difference could be associated with the nucleation and 

growth mechanism of LDH in different reaction environments (metal salts) and 

conditions.36 The chemical compositions of the different LDH were confirmed by 

energy-dispersive X-ray spectra (EDS) (Figure 4.2). The dominant oxygen peak in EDS 

of different LDH indicates the presence of water molecules within the layers as well as 

hydroxyl groups associated with the layers of the as-synthesized LDH platelets. 

 

Figure 4.2. SEM, TEM and EDS analysis of as-synthesized LDH (a) Co-Al LDH, (b) Zn-Al 

LDH and (c) Co Zn Al-LDH. 

4.3.2. Sonication Assisted Exfoliation of LDH 

O’Hare and co-workers recently reported an AMOST method for the preparation 

of stable dispersions of LDH in nonpolar solvents.18, 25 Recently, we have reported a 
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slightly modified method to obtain highly delaminated sheets of LDH by sonication.15 

The advantage of this sonication process is simultaneous delamination and the lateral 

fragmentation of LDH. It is also worth mentioning here that, ultrasonic vibration has 

been extensively used in the liquid exfoliation of two-dimensional layered materials 

such as graphene, transition metal oxides, and transition metal dichalcogenides.3, 37-39 

 

Figure 4.3. SEM images of fragmented LDH nanosheets of (a) Co-Al LDH, (b) Zn-Al LDH, 

and (c) Co-Zn-Al LDH and (d) FTIR spectra of as-synthesized LDH and sonicated-LDH. 

In this study, we used the same process to delaminate the different LDH in 

xylene. The SEM images of different LDH (Figure 4.3) show the broken platelets in large 

scale, and the lateral size of LDH reduced to few tens of nanometers. The ultrathin 

sheets of LDH were directly observed by TEM as shown in Figure 4.4. It is evident that 
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LDH platelets are broken into small pieces and exhibit a faint contrast compared to 

their bulk counterparts. 

 

Figure 4.4. Low- and high-resolution TEM images and the corresponding energy dispersive 

spectra of exfoliated LDH nanosheets (a) Co-Al LDH, (b) Zn-Al LDH, and (c) Co-Zn-Al LDH. 

Further, high-resolution TEM was used to obtain more detailed information on 

the exfoliated LDH (Figure 4.4). These images revealed that the exfoliated LDH sheets 

are fairly clean and highly crystalline. The uniform atomic orientation and lattice 

spacing reveal that an individual layer consists of a single crystal domain. The lattice 

fringes with the same d-spacing of  0.25 nm corresponding to the (012) crystal plane 

were observed in all the LDH samples, and these values are consistent with the d-

spacing estimated from the XRD results.40 The EDS spectra of exfoliated LDH 
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nanosheets are almost comparable to their bulk counterparts other than the 

oxygen/carbon peak intensity ratio. The intensity of the oxygen peak decreased 

drastically indicating the removal of water molecules in the exfoliated samples. The 

removal of water molecules in the exfoliated samples was further confirmed FTIR 

spectra (Figure 4.3d). 

The thickness of Co-Zn-Al LDH (both in bulk and exfoliated form) was evaluated 

by the AFM. Figure 4.5 shows the typical AFM height images and corresponding height 

profiles of Co-Zn-Al LDH before and after exfoliation. It is evident from the Figure 4.5a 

that the as-synthesized sample shows the 3D platelet like-morphology with the lateral 

size  5 m and the thickness around few hundreds of nanometers. On the other hand, 

the exfoliated nanosheets (Figure 4.5b) shows the thickness of fragmented LDH is less 

than 1.0 nm. This value is in good agreement with the reported value for the single layer 

of LDH.2, 34 From these results, we may say that as-synthesized sample contain few 

hundreds of stacked layers of LDH. The lateral sizes of the exfoliated LDH are ranging 

from 50 nm to few hundreds of nm and are consistent with the TEM results. 

 

Figure 4.5. AFM images and height profiles of (a) as-synthesized and (b) exfoliated single 

layer Co-Zn-Al LDH nanosheets. 
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4.3.3. Synthesis, Structure and Morphology of iPP/LDH Nanocomposites 

Schematic representation of the methodology used for the preparation of highly 

dispersed iPP/LDH nanocomposites is shown in Figure 4.6. As-synthesized LDH was 

washed with acetone to remove interlayer H2O molecules from the stacked LDH layers. 

This process helps in converting the hydrophilic LDH to hydrophobic, and that 

facilitates the better dispersibility of LDH within the iPP matrix.22, 25 Subsequently, such 

washed LDH was sonicated for four days in xylene. The advantage of this step is the 

simultaneous surface modification and fragmentation of the LDH. Most importantly, 

this method produces the 2D layered materials with lateral sizes and thickness in the 

nanometer range. The resulted LDH solution was directly added to the iPP solution to 

obtain highly dispersed nanocomposites. In the present study, iPP nanocomposites 

were prepared using three different LDH (Co-Al LDH, Zn-Al LDH, and Co-Zn-Al LDH) by 

adjusting the amount of LDH to 6 wt %. In addition to this, to understand the influence 

of LDH loading, in one case iPP/LDH nanocomposites were prepared with 10 wt% of 

Co-Zn-Al LDH. 

 

Figure 4.6. Schematic representation of the methodology used for the preparation of highly 

dispersed polymer nanocomposites based on iPP and LDH.  

Such prepared iPP/LDH nanocomposites were crystallized isothermally at 130°C 

after melting at 200 °C under strictly controlled conditions and analyzed by the X-ray 

diffraction. Figure 4.7(a, c) shows the X-ray diffraction patterns of various 

nanocomposites along with the pristine iPP and Co-Zn-Al LDH. The X-ray diffraction 

patterns of nanocomposites are almost similar to that of the pristine iPP. Both iPP and 

iPP/LDH nanocomposites show reflections corresponding to the monoclinic -form.41 

At the same time, no reflections corresponding to the (00n) planes of LDH were 

observed in nanocomposites indicating the loss of 2D layer stacking of LDH within the 
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iPP matrix. These results suggest that exfoliated LDH platelets have been successfully 

dispersed into the polymer matrix without much agglomeration during solution 

blending. The state of LDH dispersion within the iPP matrix was further confirmed by 

TEM measurements. Figure 4.7b shows a cross-sectional TEM image of the 

nanocomposite containing 10 wt % of Co-Zn-Al LDH. The nanosized LDH platelets are 

homogeneously dispersed in the polymer matrix with sizes ranging from 50 nm to few 

hundreds of nm. This suggests that the in solution blending method, LDH platelets are 

successfully transformed from solution to solid state with minimum agglomeration.  

 

Figure 4.7. (a) Powder X-ray diffractions of iPP and its nanocomposites containing different 

types of LDH (for the purpose of comparison, powder X-ray diffraction pattern of LDH is 

shown) (b) cross-sectional TEM image of the iPP/Co-Zn-Al LDH (10 wt%) nanocomposite 

and (c) Powder X-ray diffraction patterns of Co-Al LDH, iPP and iPP/Co-Al LDH 

nanocomposite. 
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4.3.4. Crystallization of iPP/LDH Nanocomposites 

Tailoring the crystallinity and crystallization rate of semicrystalline polymers is 

of great importance to the polymer processing industry. The incorporation of 

nanofillers in polymer matrices is known to alter the crystallization behavior and the 

degree of crystallinity of the polymer matrix; which in turn controls the physical 

properties of the polymers.15, 42 In order to understand the effect of different LDH on 

the crystallization rate of iPP, the melt crystallization temperature (Tmc) was measured 

upon cooling the polymer melt. The Tmc have been often used to measure of the 

crystallization rate of the polymer. The higher the Tmc, the higher is the crystallization 

rate of the polymer.43 Figure 4.8a shows DSC cooling curves of pristine iPP and its 

nanocomposites at 10 °C/min. The pristine iPP shows a Tmc at around 108 °C; however, 

Tmc values shift to 121  1 °C for nanocomposites irrespective of the type of LDH. The 

higher Tmc of the nanocomposites compared to that of iPP clearly indicates the faster 

crystallization of iPP in the presence of LDH; however, no change in the crystallization 

rate was observed with the type of LDH used for the preparation of nanocomposites.  

 

Figure 4.8. (a) DSC cooling thermograms of pristine iPP and its nanocomposites 

crystallized non-isothermally after melting at temperature 190 °C for 1 min (b) Crystallization 

isotherms obtained at 132 °C for pristine iPP and its nanocomposites. 

To further confirm the effect of different types of LDH on the crystallization rate 

of iPP, the crystallization half time (t1/2) was obtained at an isothermal crystallization 

temperature (Tc). The t1/2 is usually defined as the time at which 50% of the 
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crystallinity is developed. Figure 4.8b shows the representative DSC isothermal curves 

of pristine iPP and various nanocomposites crystallized at 132 °C. The t1/2 of pristine 

iPP was 33.3 min and it decreased significantly for all the nanocomposites irrespective 

of the type of LDH (t1/2~ 4  0.2 min). Usually, the crystallization rate G is reciprocal of 

t1/2 i.e. G = 1/t1/2. Figure 4.9 shows the temperature dependence of 1/t1/2 for pristine 

iPP and nanocomposites containing different type of LDH. It is observed that the 

crystallization rate decreases with increasing Tc for all the samples, suggesting that the 

overall isothermal crystallization rate decreases with increasing Tc, because of the low 

degree of supercooling (T= Tm°-Tc, where Tm° is the equilibrium melting temperature) 

at higher Tc.44 It was also observed that the crystallization rate of nanocomposites (0.53 

– 0.05 min-1) is higher than that of the pristine polymer (0.17 – 0.01 min-1). These 

results suggested that the presence of LDH enhanced the crystallization process of iPP 

significantly, indicating that the fragmented LDH are effective nucleating agents for iPP. 

In our previous work, detailed crystallization kinetics has been carried out using 

different sized LDH particles and showed that the lateral size of the LDH particles has a 

significant role in controlling the crystallization rate of iPP.15 This study revealed that 

the type of LDH does not affect the crystallization rate of iPP. 

 

Figure 4.9. Temperature dependence of crystallization rate (G = 1/t1/2) for pristine iPP and 

its nanocomposites using different types of LDH. 
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4.3.5. Dynamic Mechanical Analysis  

The inorganic fillers dispersed in the polymer matrix are known to influence the 

viscoelastic properties of the polymer.45-47 The effect of the different types of LDH 

particles on the dynamic mechanical performance of iPP/LDH nanocomposites was 

investigated by DMA. Figure 4.10 shows the temperature dependence of storage 

modulus (E') and loss tangent (tan ) of iPP and its nanocomposites containing different 

types and amounts of LDH. Table 4.1 summarizes the DMA data extracted from Figure 

4.10 for various samples. The storage modulus of the pristine iPP is 2.5GPa at -30 °C, 

and it decreases over the whole temperature range. The plateau region observed in the 

temperature range of -10 to 40 °C is associated with the relaxation of the amorphous 

region. The tan  curve, which measures the energy dissipation (damping) ability of the 

material, shows peaks at 9.7 °C and another broad peak around ~112 °C for the pristine 

iPP. The first peak at 9.7 °C is corresponding to the glass transition temperature (Tg) 

and the second one is attributed to the damping within the crystalline lamellae.45-47 

Around 150 °C, a sharp decrease in the storage modulus and the sudden increase in the 

tan  are due to the onset of melting of iPP crystals. 

 

Figure 4.10. Temperature-dependent (a) storage modulus (Eꞌ) and (b) loss factor (tan δ) 

measured in the heating process for iPP and its nanocomposites containing different LDH.  

On addition of 6 wt% of different types of LDH, the storage modulus at -30 °C 

increased to 4.5, 4.6 and 4.65 GPa for nanocomposites containing Co-Al LDH, Zn-Al LDH, 

and Co-Zn-Al LDH, respectively, which is almost 1.8 fold increment compared to that of 

pristine iPP. The iPP/LDH nanocomposites exhibit the higher storage modulus across 
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the measured temperature range. The average storage modulus measured at room 

temperature is almost two-fold higher for nanocomposites than that of the pristine iPP. 

Increasing the LDH content to 10 wt% further increases the storage modulus to 6.6 and 

3.2 GPa at -30 °C and room temperature, respectively for iPP/Co-Zn-Al LDH 

nanocomposites. Generally, the increase in the storage modulus could be due to the 

increase in the percent crystallinity; however, in the present study, the percent of 

crystallinity (see Table 4.1) measured for various samples using the WAXD data shown 

in Figure 4.7 were almost the same for pristine iPP and iPP/LDH nanocomposites. 

Moreover, it is clearly observed that the increase in the LDH content increases the 

storage modulus of iPP. Based on these observations, the increase in the storage 

modulus could be attributed to the reinforcing effect of LDH, i.e. the homogeneous 

dispersion of LDH within the polymer matrix without agglomerates. It has to be noted 

that a little or no difference in the storage modulus was observed with the type of LDH 

chosen (6 wt% loading) for the preparation of nanocomposites. The addition of LDH 

caused no change in the peak position of the tan  curve near 9.5 °C, indicating that the 

Tg of iPP did not change in the presence of the LDH particles. It is worth mentioning 

here that the Tg of iPP is in the range of -10 to 10 °C, depending on the grade and 

molecular weight.45, 48-50 However, the height of the tan   peak decreases with the 

addition of LDH, which indicates the good wettability between the LDH and iPP.45 In 

few reports, it has been reported that the Tg of the polymer was reduced, where the 

organically modified fillers were used for the preparation of nanocomposites due to the 

plasticization effect.51 In some other cases, the Tg of the polymer was increased due to 

the restricted mobility of the polymer chains in the presence of fillers.45 However, in the 

present study, no change in the Tg of iPP was observed in the presence of surfactant-

free LDH particles. The magnitude of the broad peak around ~112 °C, which was 

attributed to the damping within the crystalline lamellae decreased for the 

nanocomposites. In nanocomposites, the LDH particles are expected to accumulate 

within the amorphous region of the polymer matrix. These particles are influencing the 

relaxation of iPP chains within the crystalline lamellae and crystalline-amorphous 

interfaces. 
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Table 4.1. Summary of the degree of crystallinity measured from WAXD and temperature-

dependent dynamic mechanical properties. 

Samples Xc 

(%)*  

(± 1) 

E' at  -30 

°C (GPa)         

(± 0.1) 

E' at 30 

°C (GPa)       

(± 0.1) 

E' at  100 

°C (GPa )         

(± 0.1) 

tan 

max(°C) 

(± 1) 

iPP 65.1 2.5 1.04 0.25 9.7 

iPP/Co-Al LDH (6 wt%) 65.8 4.5 2.02 0.57 9.2 

iPP/Zn-Al LDH (6 wt%) 65.8 4.6 2.46 0.70 9.6 

iPP/Co-Zn-Al LDH (6 wt%) 64.6 4.65 2.2 0.64 10.3 

iPP/Co-Zn-Al LDH (10 wt%) 63.3 6.580 3.25 1.08 9.8 

*The degree of crystallinity (Xc) was calculated as the ratio of the area under the crystalline 

peaks to the total area under the X-ray scattering curve 

4.3.6. Flammability and Thermal Properties  

Microscale combustion calorimetry (MCC) is a relatively new technique used for 

the evaluation of flammability of materials using small quantities of the sample, and this 

works on the principle of oxygen combustion. This technique was successfully used as a 

preliminary test for the evaluation of flame retardant properties of polymer/LDH 

nanocomposites.16, 26-28 The heat release rate (HRR) is considered to be the most 

important parameter to estimate the flammability behavior of the polymer materials. 

Figure 4.11 presents the HRR plots for pristine iPP and its nanocomposites using 

different types and quantities of LDH. Several parameters, such as specific heat release 

rate (HRR), heat release capacity (HRC), and total heat release (THR) are summarized 

in Table 4.2 along with the 50% degradation temperature estimated from TGA. Unlike 

the crystallization rate and storage modulus, the nanocomposites containing different 

types of LDH showed different HRR values. For the pristine iPP, the HRR value is around 

1435 W/g. With the addition of 6 wt% of different types of LDH, the HRR values were 

reduced to 1080, 990 and 880 W/g for Co-Al LDH, Zn-Al LDH, and Co-Zn-Al LDH, 

respectively. These results clearly suggested that different LDH have different flame 

retardant efficiency. Three-metal-LDH showed 38% reduction in HRR value, which is 

better than the other two-metal-LDH with the same LDH loadings. 
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Figure 4.11. The HRR versus temperature curves for pristine iPP and its nanocomposites 

containing Co-Al LDH (6 wt%), Zn-Al LDH (6 wt%) and Co-Zn-Al LDH (6 wt% and 10 wt%). 

Matusinovic et al. showed that the dispersion of LDH in the polymer matrix is 

one of the key parameters in achieving the good flame retardancy.52 As discussed in the 

preceding section, highly dispersed nanocomposites were obtained using all types of 

LDH, so the dispersion of LDH may not be the key reason for the difference in the flame 

retardant behavior. It was also demonstrated that different gallery anions have 

different flame retardant efficiency.26, 53, 54 However, in the present study, the different 

LDH used have the same anions (both CO32- and NO3-) because of the same protocol 

used for the synthesis of different LDH. It has been shown that the char formation can 

slow down the HRR upon the Ignition of polymers and it can inhibit the flame 

spreading.19, 33, 55, 56 To understand the difference in the flame retardant efficiency of 

different LDH, the amount of char formed upon the degradation of polymer matrix was 

analyzed by TGA. Figure 4.12a shows the TGA thermograms of pristine iPP and its 

nanocomposites containing 6 wt% of different types of LDH. Thermal stability of the 

polymer will be discussed in the later section. As seen from Figure 4.12a, the pristine 

polymer shows almost no char, whereas the samples containing different types of LDH 

show different char amounts ranging from 4.1 to 4.6 wt%. To further understand the 

reason for the difference in the char yield, TGA thermograms of different LDH were 

taken and are shown in Figure 4.12b. By considering the char yields of different LDH, 
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the expected char residues was estimated for the nanocomposites prepared using 

different types of LDH and are shown in Table 4.3. It is quite clear that different LDH 

gives different char yields, which follows the order of Co-Zn-Al LDH  Zn-Al LDH  Co-Al 

LDH. Similar to char yields, the HRR also follows the same order. Based on these results, 

the lowest HRR value of the nanocomposite prepared using three-metal-LDH (Co-Zn-Al 

LDH) can probably attribute to the better char formation of three-metal-LDH, which 

reduces the heat and mass transfer between the gas and condensed phases. It is worth 

mentioning here that LDH acts like both endothermic flame retardant and char forming 

flame retardant.56 Under fire conditions, the LDH filler endothermically decomposes 

into water, carbon dioxide, metal hydroxides and other gases depending on the gallery 

anions. Further, the decomposition products of the LDH are non-flammable, and so the 

residue left behind by the thermal decomposition (usually a metal oxide) dilutes the 

total amount of polymer fuel availability (condensed phase).19 This process promotes 

the formation of char and protects the bulk polymer exposure to air. This char helps in 

reducing the HRR during the combustion and suppresses the smoke production. From 

the TGA results of LDH, it is clear that the char formation is effective in three-metal-LDH 

compared to that of two-metal-LDH.   

To further verify the effect of LDH loading, 10 wt % of Co-Zn-Al LDH was added 

to iPP and it was observed that the HRR value was further reduced by 55%. Wang and 

co-workers showed the reduction in the HRR value by 54% using four times higher LDH 

loadings (i.e. 40 wt%) in high-density polyethylene/LDH nanocomposites using MCC.26 

The heat release capacity (HRC) values estimated from the HRR curve (see Table 4.2) 

also shows similar trend like the HRR values, indicates that the three-metal-LDH are 

efficient flame retardant fillers compared to that of the two-metal-LDH. 

The total heat release (THR) calculated from the area under the HRR curve is an 

important parameter to understand the fire hazards of the material.26, 27 It has been 

shown that for efficient flame retardant filler, the THR value should reduce effectively 

when it is incorporated into the polymer.26, 27  It is obvious from the Table 4.2 that the 

THR value is considerably reduced with the addition of 6 wt% of LDH and further 

reduced with increasing the LDH loading to 10 wt%. A small difference in the THR 
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values was observed with the type of LDH used for the preparation of nanocomposites. 

Three-metal-LDH showed the lower THR value compared to that of the other two-

metal-LDH indicating that the three-metal-LDH is better flame retardant nano-filler for 

the iPP. 

Table 4.2. Summary of thermal and flammability properties for iPP and its nanocomposites. 

 

Samples 

HRR 

(w/g)    

(± 5) 

HRR 

reduction 

(%) 

THR         

(kJ/g)             

(± 1) 

HRC                  

(Jg-1K-1)             

(± 5) 

T0.5                 

(°C)                   

(± 2) 

iPP 1435 - 54.0 1460 410 

iPP/Co-Al LDH (6 wt%) 1080 25 49.9 1050 420 

iPP/Zn-Al LDH (6 wt%) 990 31 48.7 985 430 

iPP/Co-Zn-Al LDH (6 wt%) 880 38 48.17 905 443 

iPP/Co-Zn-Al LDH (10 wt%) 640 55 43.9 690 435 

 

 

Figure 4.12. TGA thermograms for (a) pristine iPP and its nanocomposites containing 6 

wt% of Co-Al LDH, Zn-Al LDH and Co-Zn-Al LDH (b) pure LDH powders. 

The relative thermal stability of iPP was evaluated in the presence of different 

types of LDH. The 50% weight loss temperature (T0.5) measured for various samples 

from Figure 4.12a are summarized in Table 4.2. It can be seen that the pristine iPP 

degraded completely with the T0.5 at 410 °C. The thermal decomposition temperature of 
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iPP containing different types of LDH shifted to higher temperatures compared to 

pristine iPP. However, significant differences are seen in thermal stability of 

nanocomposites containing different types of LDH. The T0.5 values of iPP containing Co-

Al LDH (6 wt%), Zn-Al LDH (6 wt%) and Co-Zn-Al LDH (6 wt%) increased to 420, 430 

and 443 °C, respectively. It has been shown that the enhanced thermal stability is due to 

the homogeneous dispersion of the nanosized LDH in the iPP matrix, where the 

dispersed nanoparticles act as trapping sites for the radicals generated during the 

degradation of the polymer.15, 18, 20 However, in the present study, the dispersion of the 

LDH particles in the iPP matrix is more or less same in different nanocomposites. One of 

the possibilities for the difference in the degradation temperature is the catalytic ability 

of the metal constituents used for the preparation of LDH. Typically, cobalt is known for 

the catalytic degradation of polyolefins.57 However, in the present study, the cobalt 

containing three-metal-LDH (Co-Zn-Al LDH) showed the better thermal stability than 

the other two LDH. Based on the present results, we are speculating that the difference 

in the thermal stability of iPP containing different types of LDH might be due to the 

thermally stable char formed by the degradation of LDH, which prevents the further 

degradation of iPP. As mentioned in the preceding section, the char formation in 

different LDH follows the order of Co-Zn-Al LDH  Zn-Al LDH Co-Al LDH. Similar to 

this, the thermal stability and flame retardancy of the nanocomposites also follows the 

same order. On the other hand, the nanocomposite with 10 wt% of Co-Zn-Al LDH shows 

T0.5 value ~ 435 °C (data not shown here), which is less than the T0.5 value of 

nanocomposite containing 6 wt% of Co-Zn-Al LDH. This might be due to the 

agglomeration of LDH in higher loadings. Similar kinds of observations were reported 

in the literature.15, 20, 25 It was shown that 2.5 wt% of sonicated LDH was the optimal 

loading for the effective thermal stability of iPP due to its better dispersion in iPP 

matrix.15 In this way, the intralayer metal constituents of LDH play an important role in 

determining the properties of the nanocomposites. 
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Table 4.3. Summary of char yields of as-synthesized LDH and its nanocomposites. 

 

Samples 

Pristine 

LDH char 

yields 

(%) 

 

Samples 

iPP/LDH nanocomposites 

char yields (%) 

Expected Observed 

- - iPP 0 0 

Co-Al LDH 66.7 iPP/Co-Al LDH (6 wt%) 4.00 4.23 

Zn-Al LDH 71.0 iPP/Zn-Al LDH (6 wt%) 4.26 4.37 

Co-Zn-Al LDH 75.3 iPP/Co-Zn-Al LDH (6 wt%) 4.52 4.58 

 

4.4. Conclusions 

Two-metal-LDH and three-metal-LDH were successfully synthesized by co-

precipitation method and delaminated by ultrasonication in xylene. The sonication step 

resulted in both delamination and fragmentation of LDH. TEM and AFM analysis 

confirmed the delamination of LDH. Subsequently, highly dispersed iPP/LDH 

nanocomposites were prepared by solution blending method. The dispersion of LDH 

within the iPP matrix was further confirmed by TEM and WAXD. We have found that 

the incorporation of either two-metal-LDH or three-metal-LDH dramatically improves 

the crystallization rate and storage modulus of iPP. However, not much difference is 

observed in these properties with the type of LDH used for the preparation of 

nanocomposites. On the other hand, the kind of LDH could influence the thermal 

stability and flame retardant properties of iPP. Keeping the filler loading at 6 wt%, the 

50% weight loss temperature (T0.5) of the iPP nanocomposite containing three-metal-

LDH (Co-Zn-Al LDH) is higher than the corresponding nanocomposites prepared using 

the two-metal-LDH (Co-Al LDH and Zn-Al LDH). Preliminary data on the flame 

retardant properties showed the better reduction in HRR value compared to that of 

two-metal-LDH containing nanocomposites. These differences might be due to the 

better char formation capability of three-metal-LDH compared to that of two-metal-

LDH. These results demonstrated that the proper selection of metal constituents of LDH 
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is imperative in the preparation of polymer/LDH nanocomposites with desirable 

properties. 

4.5. Experimental section 

Materials: IPP pellets (Mw ~120000, Đ ~4.5) were kindly supplied by Sumitomo 

chemicals Co. Ltd., Japan. Metal salts like Al(NO3)3·9H2O, Co(NO3)2·6H2O and 

Zn(NO3)2·6H2O were purchased from Sigma-Aldrich Co. Ltd. Other chemicals such as 

urea, xylene, ethanol, and acetone were obtained from Merck, India.  

Synthesis of LDH: Different types of LDH used in this study were synthesized by a 

conventional co-precipitation method using urea as the base. Three-metal-LDH (Co-Zn-

Al LDH) was prepared by dissolving three metal salts (Co(NO3)2·6H2O, Zn(NO3)2·6H2O, 

and Al(NO3)3·9H2O), and urea in Millipore water with the ratio of 1:1:1:7. The total 

mixture was then heated to the refluxing temperature (about 100 °C) under continuous 

stirring for 24 h in the ambient atmospheric environment. The resultant light pink color 

precipitate was rapidly quenched in cold water and filtered, and then the precipitate 

was repeatedly washed with hot Millipore water to remove the unreacted reactants if 

any. Such obtained LDH powder was repeatedly washed with acetone. The end product 

was dispersed in xylene and sonicated for 4 days in an ultrasonication bath at room 

temperature. The resulting suspension was stable at room temperature for a few hours. 

Two-metal LDH (Co-Al LDH and Zn-Al LDH) were synthesized in the same way, with the 

exception that the Co2+ and Al3+, Zn2+ and Al3+ metal nitrates were taken in 2:1 ratio.   

Preparation of iPP/LDH Nanocomposites: Three different LDH (Co-Zn-Al LDH, Co-Al 

LDH, and Zn-Al LDH) were used as reinforcement fillers for the preparation of iPP 

nanocomposites. The synthetic procedure is same as used in chapter-2. The type and 

amount of LDH were adjusted to prepare different nanocomposites with various LDH 

loadings (0, 6 and 10%). The actual loading of the LDH in iPP was estimated using TGA 

and the details are given in Table 4.3. 
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4.6. Characterization 

Synthesized LDH was thoroughly characterized using WAXD, TEM, SEM, AFM and FTIR 

as discussed in previous chapters. 

Thermogravimetric Analysis (TGA) – TGA thermograms were collected in the heating 

process at 10 °C/min using TA Q50. All the measurements were carried under the 

nitrogen atmosphere (nitrogen gas flow rate of 60 mL/min for the furnace and 40 

mL/min for balance). 

Differential Scanning Calorimetry (DSC) – DSC measurements were performed on a 

Perkin Elmer Pyris 6 DSC apparatus under nitrogen gas flow. The temperature and heat 

flow were calibrated using a high purity indium. The crystallization half-time (t1/2) was 

measured to evaluate the crystallization rate of iPP and its nanocomposites. Molten 

samples were rapidly cooled to the desired crystallization temperature (Tc) (132 °C) at 

a rate of 100 °C/min, and the samples were allowed to crystallize at that temperature. 

These samples were reheated to 190 °C to measure the melting temperature.  

Microscale combustion calorimetry (MCC): The microscale combustion calorimetry 

(MCC-1, FTT) was used as a preliminary test to evaluate the combustion behavior of iPP 

and iPP/LDH nanocomposites. In MCC system, approximately 5 mg of sample was 

heated to 700 °C at a heating rate of 1 °C/s in the stream of N2 flow at 80 cm3/min. The 

resulting volatile anaerobic thermal degradation products in the nitrogen gas stream 

are mixed with 80 cm3/min carrying gas (nitrogen of 80 mL min–1; oxygen of 20 mL 

min–1) and subsequently burned at 900 °C in a combustion furnace. The flame retardant 

parameters have been measured from this test, and are the heat release rate (HRR) in 

W.g-1, % of the reduction in HRR, total heat release rate (THR) in KJ.g-1, temperature 

maxima (T-max) in °C and heat release capacity (HRC) in J.g-1.K-1. 

Dynamic Mechanical Analysis (DMA): The DMA (TA Instruments Model Q800) was 

used to study the temperature-dependent dynamic mechanical properties of the 

samples as discussed in chapter-3. 
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 Synergistic Effect of Layered Double Hydroxides and Multi-walled 

Carbon Nanotubes on the Properties of Polypropylene 

Nanocomposites 

 

 

 

 

 

5.1. Abstract 

Hybrid materials of multiwall carbon nanotubes (CNT) and Co-Zn-Al LDH were 

synthesized and used as nanofillers for the preparation of iPP nanocomposites. For the 

purpose of comparison, iPP/CNT and iPP/CNT-Co-Zn-Al LDH nanocomposites were also 

prepared. The main objective of the current study is to understand synergistic effect 

CNT/LDH hybrid on the structure, crystallization, mechanical, thermal degradation and 

flammability features of iPP. The incorporation of CNT has accelerated the overall 

crystallization rate of the iPP and temperature-dependent viscoelastic behavior, over the 

LDH and CNT-LDH filled nanocomposites. On the other hand, nanocomposites prepared 

using hybrid materials (CNT-LDH) showed better flame-retardant and thermal stability 
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compared to the nanocomposites containing CNT and LDH. With addition of the 2 wt% 

CNT-LDH hybrid filler, the PHRR values was significantly reduced from the 1400 W/g for 

neat iPP to 580 W/g (59 %), and it is larger than the CNT (980 W/g (30 %)) and LDH 

(1160 W/g (19%)) reinforced nanocomposites. The 50 % weight loss temperature (T0.5) of 

the nanocomposites was shifted towards higher temperatures; larger improvement was 

observed for the 2 wt% iPP/CNT-LDH nanocomposites (44 °C). Synergetic flame-

retardancy and thermal degradation stability of the iPP/CNT-LDH nanocomposites might 

be influenced by many factors such as catalytically charring effect, jammed network, filler 

thermal stability and their residual char behavior, poor thermal conductivity, which yields 

the efficient flame-retardant and thermally resisting nanocomposites.  

5.2. Introduction 

The unification of one-dimensional and two-dimensional nanomaterials lead to 

the new hybrid materials that can take the constructive advantages of individual 

nanomaterials and enhance the multiple properties of commercial low-cost polymers 

when used as fillers to prepare nanocomposites.1-6 Carbon nanotubes (CNTs) are the 

most established one- dimensional nanomaterial, thanks to their unparalleled electrical, 

mechanical and thermal properties.7, 8 CNTs have been widely employed to strengthen 

the polymers, to enhance the electrical and thermal conductivities of the host matrix.1, 9-

15 These tubular structures are also found to increase the flame retardancy of the 

polymers very effectively resulting from the formation of structured networks.3, 11, 12, 14-

16  

 Synergistic effects of CNTs have been explored with a variety of two dimensional 

materials, among which graphene has been studied for many applications including the 

thermal management, supercapacitors, flame retardant polymers, etc.13, 17-19 LDH are 

another set of two-dimensional structures, which are known to impart better 

properties to the polymers, like increase in the crystallization rate, improved 

mechanical and thermal stability and superior flame retardant properties.18-22 It is 

possible to design LDH with desired shape, size, and metal content to prepare 

polymer/LDH nanocomposites with excellent properties.19, 21, 23-27 
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 The incorporation of LDH based flame retardant additives to polymer is well 

documented in the literature, which indicates the commercial importance of these 

materials.18, 21, 28 However, in most cases, the filler loading is very high, which makes the 

processing of the polymer extremely difficult due to the drastic enhancement of 

complex viscosity.18, 28 In our previous work, we showed that well-dispersed LDH are 

good flame retardant agents and better nucleating agents for iPP, even at lower 

loadings.29 Recent reports based on graphene/LDH, CNT/clay, CNT/MoS2, 

nanosilica/LDH, and fullerene/CNT reinforced nanocomposites exhibited exceptional 

flame retardancy, and mechanical properties over its individual filler reinforced 

nanocomposites.6, 30-36 The flame retardant mechanism is different in carbon based 

materials and LDH. The hybrids of these are expected to show better performance in 

terms of flame retardancy.17, 32, 37  

In this work, hierarchical CNT-LDH was synthesized by ultrasound assisted 

exfoliation of the layered assembly of LDH nanosheets on the surface of CNT tubes, and 

this hybrid filler was further used for the preparation of polymer nanocomposites. Here 

we adopted the solvent mixing method for the preparation of highly dispersive 

iPP/LDH, iPP/CNT and iPP/CNT-LDH nanocomposites. The influence of filler type on 

the crystallization kinetics, dynamic mechanical behavior, flame-retardancy and 

thermal stability of iPP was systematically carried out. It was found that, iPP/CNT-LDH 

nanocomposites showed better flame retardancy and thermal stability with same 

loading, whereas, iPP/CNT nanocomposites showed better dynamic mechanical 

behavior and faster crystallization rate compared to the iPP/LDH and iPP/CNT-LDH 

nanocomposites. 

5.3. Results and Discussion 

5.3.1. Synthesis and Morphology of Co-Zn-Al LDH  

 Figure 5.1a shows typical SEM image of the Co-Zn-Al LDH, synthesized by 

co-precipitation method in the presence of urea. From the Figure it is clear that the 

formed LDH platelets showed a well-defined hexagonal morphology with the mean 

lateral size of 2-4 m. The dark contrast of the TEM image (Figure 5.1b) confirms that 

the as-synthesized LDH comprises of multilayered hexagonal platelets. The presence of 
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three-metal constituents in the LDH (Co, Zn and Al) was confirmed by energy-

dispersive X-ray spectrum (EDS) (Figure 5.1c). The structural feature was further 

analyzed by powder X-ray diffraction patterns (XRD). It exhibited symmetric sharp 

reflections with narrow full width and half maximum (FWHM) values corresponding to 

the (00n) planes of the LDH, which indicates the high crystalline nature (Figure 5.3a). 

The presence of anions in LDH was confirmed from the FTIR spectrum (Figure 5.1d). 

The strong bands at 1352 and 786 cm-1 are assigned to the stretching and bending 

vibration of CO32- anions, respectively.38 Another sharp peak located at 1380 cm-1 (NO 

stretching vibration) indicated the presence of nitrate anion (NO3-). Here it is important 

to point out that as prepared LDH consists of a mixture of carbonate and nitrate as 

gallery anions. A broad band centered at 3420 cm-1 is owing to the O-H () stretching 

vibration of the metal hydroxide layer and interlayer H2O molecules. Another weak 

band centered at 1610 cm-1 is attributable to the OH bending vibration (δ) of the 

gallery water molecule. 38 

 
Figure 5.1. (a) SEM, (b) TEM image, and (c) EDS for as synthesized Co-Zn-Al LDH. (d) 

FTIR spectrum for the as synthesized LDH, pristine CNT, and functionalised CNT. 
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5.3.2. CNT Functionalization and CNT-LDH Hybrid Preparation 

 Since the hydrophobic surface of CNT obstructs its interaction with the 

hydrophilic LDH, the  CNT surface was initially functionalized by the modified 

Hummers process to make it hydrophilic. Figure 5.1d shows the FTIR spectra of the 

pristine CNT and the functionalized CNT. It is obvious that the modified CNT shows two 

characteristic absorption peaks at 3440 and 1730 cm-1, corresponding to the hydroxy 

(O-H) and carbonyl (C=O) stretching vibrations, respectively, which demonstrates the 

successful introduction of the hydrophilic functional (O-H, -COOH) groups on to the CNT 

surface.39 Raman spectroscopy was used further to understand the functionalization of 

the CNT (Figure 5.2a).  As expected, the pristine CNT exhibited a prominent G-band at 

1588 cm-1 assigned to the tangential C-C stretching vibrations, both longitudinally and 

transversally on the nanotube axis.39  Another less intensive band was located at 1345 

cm-1, corresponding to  D-band. Generally, this band occurs due to the vibration of 

carbon atoms with dangling bonds in the plane termination of disordered graphite 

carbon, and intensity of the D-band depends on the disordered nature.39 However, the 

CNT functionalized using modified Hummer’s method displays a different scattering 

pattern compared to pristine CNT.  The D-band appears more intensive than the G-band 

for the functionalized CNT, which indicates the defects and disordered crystal structure 

of the CNT due to the oxidation process. Moreover, it is quiet clear from the TEM 

analysis (Figure 5.2b) that the CNT surface appear like an irregular nanoribbon instead 

of the nanotube morphology. This result confirms the formation of the defected 

nanotubes, which is accredited to the oxidative functionalization of the CNT.39 

 The CNT-LDH hybrids were prepared by solvent mixing method followed 

by sonication. Major advantage of the sonication in hydrophobic solvent is that the 

surface modification and fragmentation of the LDH platelets happen simultaneously, 

and that results in the formation of hierarchical CNT-LDH morphology. The hierarchical 

morphology is confirmed using the TEM analysis (Figure 5.2c), where the broken LDH 

nanosheets adhered over the functionalised CNT surface. The hierarchical co-assembly 

between the CNT and LDH is mainly driven by strong electrostatic interaction forces, 

induced by the LDH and CNT surfaces.17, 40 Interactions between the CNT and  
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Figure 5.2. (a) Raman spectrum for pristine CNT and functionalized CNT, (b) TEM image of 

functionalized CNT. (c) TEM image of hierarchical hybrids of CNT-LDH, and (d) Photograph 

shows the CNT, LDH and CNT-LDH dispersion in the xylene solvent, taken after keeping it 

aside for 10 min (1 mg/ml concentration). 

LDH can be easily observed from the sedimentation process.40 Figure 5.2d displays the 

photograph of the sonicated dispersions of CNT, LDH, and CNT-LDH in xylene,  which 

was kept aside for 10 min after the sonication. The functionalized CNT and LDH 

containing solutions were found to be stable for a shorter duration. On the other hand, 

the CNT-LDH hybrid showed a rapid sedimentation, demonstrating the strong 

electrostatic interaction between them.30  

5.3.3. Synthesis of iPP/CNT-LDH Nanocomposites 

 The uniformly dispersed hybrid iPP/CNT-LDH nanocomposites were 

prepared by solvent mixing method, which initially modifies the filler surface into 

hydrophobic. The surface modification will help in the better dispersion of the 

inorganic fillers into the non-polar polypropylene matrix. Figure 5.3a displays the 
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WAXS patterns of the neat iPP and its nanocomposites (2 wt% LDH, 2 wt% CNT and 2 

wt% CNT-LDH), which were prepared by following a strict thermal program as 

discussed in the experimental section. The WAXS patterns reveal that the peaks 

corresponding to the LDH and CNT are completely extinct in the nanocomposites, and 

only the polypropylene crystalline peaks are detected, which indicates the uniform 

distribution of the filler in the polymer matrix. To support the WAXS analysis, the 

nanocomposite morphology was further examined by TEM analysis. Figure 5.3b shows 

a cross-sectional TEM image of the nanocomposite containing 5 wt% CNT-LDH. It is 

clear that the LDH and CNT hybrids mixtures still retain their hierarchical morphology 

within the polymer matrix, without phase separation. They have also maintained an 

isolated morphology without any aggregation. LDH platelets are completely 

delaminated and distributed homogenously, the 00n planes remained silent (Figure 

5.3a). 

 

Figure 5.3. (a) WAXS patterns of neat LDH, CNT, iPP and their nanocomposites obtained 

by solution blending method and (b) cross-sectional TEM image of the iPP/CNT-LDH 

nanocomposite (5 wt% CNT-LDH).  

 We investigated the influence of the LDH, CNT, and CNT-LDH on the 

polymorphism of iPP. The XRD patterns (Figure 5.3a) indicated that both neat iPP and 

nanocomposites possess similar diffraction pattern. The Miller indices (hkl) are 110 

(14.2°), 040 (17.0°), 130 (18.7°), 111 (21.3°), and 041 (22.1°), which represents the 
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monoclinic crystalline phase (α-crystal form). These results demonstrated that the 

dispersed additives do not have any influence on the polymorphic behavior of iPP.41 

5.3.3.1. Crystallization and Melting Behavior of iPP Nanocomposites   

 The melt crystallization behavior of iPP with different fillers has been 

investigated under non-isothermal and isothermal conditions. Figure 5.4a shows the 

DSC thermograms of non-isothermally crystallized samples at a rate of 10 °C/min. The 

results are summarized in Table 5.1. As discussed in previous chapters, pristine 

polymer shows poor crystallization rate, with the melt crystallization temperature (Tmc) 

at ~109 °C. On the other hand, upon addition of 2 wt% fillers, the Tmc of the polymer 

shifted towards higher temperature. The Tmc shifted to 122 °C, 130.5 °C, and 127 °C for 

nanocomposites containing 2 wt% of LDH, CNT, and CNT-LDH, respectively. These 

results indicated that the dispersed inorganic additives accelerated the overall 

crystallization rate of iPP. However, the nanocomposites containing CNT showed higher 

crystallization rate due to the better nucleation efficiency of 1-dimensional nanofillers. 

The isothermal crystallization behavior was also investigated at 130 °C (Figure 5.4c). 

The crystallization half time (t1/2) values obtained for different samples are listed in 

Table 5.1. The nanocomposites showed the shorter crystallization half-time compared 

to the pristine iPP and t1/2 values follows the order of CNT> LDH-CNT> LDH. Both the 

non-isothermal and isothermal crystallization studies revealed that the nucleation 

efficiency of CNT is superior to the LDH-CNT, which is followed by LDH. Dispersed 

additives are known to facilitate the crystallization process in semicrystalline polymers 

by virtue of their larger specific surface area and non-covalent interaction forces.5, 42, 43 

However, the CNT containing nanocomposites show prominent nucleation effect 

compared to the LDH and CNT-LDH containing nanocomposites. It is owing to the 

better interaction of the methyl groups of the iPP with CNT surface compared to the 

CNT-LDH and LDH surface through non-covalent force.5, 42  These filler surfaces act as a 

template for the generation of the nucleation centers that would prompt the overall 

crystallization rate of the iPP.5, 42, 44 In the previous chapters, it has been showed that 

the lateral sizes of LDH has a strong influence on the nucleation efficiency and the 

overall crystallization rate.  
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Figure 5.4. DSC curves of neat iPP and its nanocomposites (a) non-isothermal melt 

crystallization (Tmc), (b) subsquent melting behavior at a rate of 10 °C/min, and (c) 

isothermal crystallization behavior at 130 °C. 

  The melting behavior of semicrystalline polymers is significantly 

influenced by many factors including polymorphism, molecular weight, thermal 

program (heating and cooling rates) used for the sample preparation, the 

recrystallization phenomena, etc.5, 9, 45 Figure 5.4b shows the DSC reheating curves of 

the non-isothermally crystallized samples, at rate of 10 °C/min. Under the strict thermal 

condition, neat iPP and nanocomposites exhibited significantly different melting 

behavior from one another, but with almost similar melting enthalpy (Table 5.1). The 

neat iPP showed multiple melting peaks, whereas the nanocomposites exhibited 

different melting behavior. This can be related to the recrystallization phenomena.5, 9, 46 

Impact of other parameters (polymorphism, molecular weight, tactility and thermal 

program) can be overlooked since we followed more or less similar procedures in both 

the systems using the same polymer. According to Alamo and co-workers, under larger 
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cooling rates, polymer will not get enough time to form perfect crystallites (lamellae), 

instead, they form multiple disordered crystallites with different sizes.47, 48 Then it can 

reorganize (melting followed by recrystallization) into perfect and stable crystallites 

during the reheating process, which is the main reason for the multiple melting peaks. 

Here it is important to mention that the disappearance of the multiple endothermic 

peaks in the nanocomposites is probably due to the fact that, in the presence of the 

fillers, polymer chains can rapidly grow into more uniform and perfect stable 

crystallites, even under larger cooling rate.5, 44  

Table 5.1. Summary of the crystallization, melting behavior and temperature-

dependent dynamic mechanical properties of the nanocomposites. 

 

Sample 

 Tmc                   

(°C)                       

( 1 ) 

t1/2                                 

at 130 °C min.                    

( 0.2) 

ΔHm  

(J/g)    

(2) 

Eꞌ (GPa)       

at 30°C      

(0.3) 

tan max 

(°C)      

(1) 

iPP 109 16 104  2.4 6.2  

2 wt% iPP/LDH 122 2.3 102.4  2.9 7.6  

2 wt% iPP/CNT 130.5 0.9 106  4.9  6.6 

2 wt% iPP/CNT-LDH 127 1.3 100.6 4.45 5.5 

 

5.3.3.2. Temperature-dependent Dynamic Mechanical Properties 

Dispersed inorganic rigid phase inside the polymer matrix is known to alter the 

viscoelastic properties of the polymer.9, 10, 49, 50 The viscoelastic properties of 

polypropylene nanocomposites containing different fillers were evaluated by 

temperature-dependent dynamic mechanical analysis (DMA). Figure 5.5a shows the 

plot of storage modulus (Eꞌ) as a function of temperature, and the results are 

summarized in Table 5.1. Both the systems show a progressive reduction in Eꞌ over the 

whole observed temperature region. Especially, the reduction was more prominent in -

10 to 40 °C temperature region associated with the glass phase relaxation (Tg),9, 51, 52 

whereas the decrease is only marginal in the high-temperature region, i.e., above 50 °C. 

At 30 °C, the comparison point, the pristine polymer showed a Eꞌ value about 2.4 MPa, 

whereas the nanocomposites exhibited an improved viscoelastic behavior. Eꞌ was 
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increased from 2.4 MPa for the reference polymer to 2.8 and 4.9 MPa for the 

nanocomposites containing 2 wt% of LDH and CNT fillers, respectively. On the other 

hand, the 2 wt% iPP/CNT-LDH nanocomposites showed Eꞌ value about 4.45 MPa, which 

is lower than that of 2 wt% iPP/CNT-LDH nanocomposites. The improved Eꞌ of the 

nanocomposites is mainly attributed to the reinforcing effect of the homogenously 

dispersed rigid filler, and enhanced % of crystallinity. The change in the melting 

enthalpy (ΔHm) between the polymer and nanocomposites (Table 5.1.) was 

considerably small, and hence the effect of the percentage of crystallinity can be 

neglected. Thus the reinforcing effect of fillers helps only in improving the Eꞌ of the iPP. 

Here it is important to point out that the nanocomposites exhibited different Eꞌ values, 

although filler amount was similar. Among the fillers used, the CNT was found to alter 

the viscoelastic properties considerably, which is followed by CNT-LDH and LDH. These 

differences in the Eꞌ among the nanocomposites are possibly due to the variation in the 

specific surface area of the filler and the interaction forces between the matrix and the 

filler.42, 44 

 

Figure 5.5. Temperature-dependent dynamic mechanical properties (a) storage 

modulus (Eꞌ) and (b) tan δ curves for the polymer nanocomposites containing different 

fillers. 

Temperature-dependent tan  curves are shown in Figure 5.5b, which can give 

the information about the damping ability and molecular relaxations in the 

semicrystalline polymers. We detected two major molecular relaxations in the 

temperature range -50 to 160 °C. The lower temperature maximum in the tan δ curve is 
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corresponding to the amorphous phase relaxation, that is Tg of the polymer. Both the 

neat polymer and nanocomposites exhibit Tg in the range 5.5-7.5 °C (Table 5.1.). The 

difference in the Tg among the samples is considerably small or negligible. It indicates 

that the incorporated filler did not modify the Tg of the polypropylene. Another 

molecular relaxation was noticed slightly above the Tg, which appears as a broad 

mechanical relaxation extending from 80 to 140 °C. The higher temperature second 

order relaxation in PP matrix is generally ascribed to the damping within the crystalline 

lamellae. Normally, the height and area of the tan  curve represent both reinforcing 

and filler-matrix interactions strength. Nanocomposites exhibit less intense tan  curve 

compared to the pristine polymer, which might be due to the interfacial interactions 

between the matrix and filler. The dispersed rigid fillers completely restrict the polymer 

chain motion, leading to the lowering of the damping characteristics.    

5.3.3.3. Thermal and Flammability Properties 

The TGA measurements were performed under nitrogen atmosphere to 

understand the thermal stability and residual charring behavior of iPP, in the presence 

of CNT, LDH and CNT-LDH filler. Figure 5.6 shows the TGA thermograms obtained for 

various samples. The 50% mass loss temperatures (T0.5) are presented in Table 5.2. The 

T0.5 value obtained for the neat polymer was around 410 °C. However, upon 

incorporation of fillers, the thermal stability of the nanocomposites has been found to 

improve, irrespective of the filler type. Different fillers used in this study showed 

different T0.5 values, although the filler loadings are same. The T0.5 values obtained for 

neat iPP, iPP/2 wt% CNT and iPP/2 wt% LDH nanocomposites are 410 °C, 432 °C, and 

442 °C, respectively. On the other hand, the nanocomposites with 2 wt% hierarchical 

CNT-LDH filler showed an improved T0.5 value of around 454 °C.  
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Figure 5.6. (a) TGA thermograms of iPP and its nanocomposites containing different fillers 

and filler loadings and (b) the enlarged thermograms in the high-temperature region (480-

510 °C). 

 
Table 5.2. Summary of the thermal stability (T0.5), residual char (expected and observed) 

and LOI of the nanocomposites containing different fillers and filler loadings. 

 

Samples 

 T0.5                     

in °C               

(3) 

Residual char yields (%) LOI     

(%)   

(1) 

Expected Observed            

( 0.2) 

iPP 410 0 0 16.5 

2 wt% iPP/LDH 442 1.5 1.62 17.0 

2 wt% iPP/CNT 432 1.34 2.25 20.0 

2 wt% iPP/LDH-CNT 454 1.6 2.66 20.0 

5 wt% iPP/LDH-CNT 451 4 6.0 23.0 

10 wt% iPP/LDH-CNT 448 8 10.6 26.0 

 

However, not much further enhancement in the T0.5 value was observed on 

increasing the filler loadings (5 wt% and 10 wt%). The improved thermal stability of 

the nanocomposites is mainly attributed to physical barrier effect of the filler, which 

restricts the polymer chain mobility and delays the rapid transfer of the gaseous 

products.16, 43, 53, 54 Residual charring behavior of the nanocomposites and filler will be 

discussed in the later section. 
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The relative combustion behavior of nanocomposites was examined by 

microscale combustion calorimetry (MCC). The extracted parameters from the HRR 

curve (Figure 5.7.) are given in Table 5.3.18, 37, 55-57  As expected, the neat iPP was found 

to show maximum PHRR, 1435 W/g. It is considered that larger PHRR value directs that 

the neat iPP is highly flammable in nature. However, after the incorporation of a small 

amount of filler, the PHRR values are considerably reduced, which again decreases with 

the increase in the filler loadings. At 1 wt% filler loading, the PHRR was reduced from 

1435 W/g to 1322 and 900 W/g for the LDH (7.8 %) and CNT (37.28 %) 

nanocomposites, respectively. On the other hand, the composite containing 1 wt% 

hierarchical CNT-LDH showed the least PHRR value, i.e., 776 W/g (45.9%). The HRR 

value of iPP can be decreased further by increasing the amount of the filler. 

Nevertheless, unpredictable flame-retardancy behavior was noticed with the CNT 

incorporated nanocomposites. The PHRR of 2 wt% CNT nanocomposites was slightly 

increased from 900 W/g (37.28 %) for 1 wt% CNT nanocomposites to 988 W/g (30.45 

%). Inconsistent flammability behaviors were observed only in the case of iPP/CNT 

nanocomposites with larger CNT loading, which can be ascribed to the rapid increase in 

thermal conductivity (Figure 5.8b.).3, 16, 54 Kashiwagi et al. also observed similar 

flammability behavior, which they explained based on the relation between the 

flammability behavior and thermal conductivity of a series of nanocomposites 

containing different carbon nanomaterials.3, 16, 53 Where in case of LDH and CNT-LDH 

reinforced nanocomposites as follows with respect to the filler concentration, which 

was shown 1160 w/g (19.16 %) and 580 w/g (59.58 %) reduction in PHRR for 2 wt% 

LDH and 2 wt% CNT-LDH nanocomposites, respectively. The larger PHRR reduction 

was observed in the presence of the CNT-LDH hybrids. Other flammability parameters 

such as HRC, THR, HRC, and T-max were also measured (Table 5.3), which followed the 

similar trend like the PHRR results. 
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Figure 5.7. Heat release rate curves obtained for (a) iPP/CNT-LDH (b) iPP/CNT and (c) iPP/ 

LDH nanocomposites with different filler concentration. 

The standard LOI test was performed further to understand the flame-

retardancy of the nanocomposites. It is a widely used technique to estimate the fire-

hazardous nature of the polymer in bulk scale.18, 23, 24, 58, 59 The obtained LOI values are 

presented in Table 5.2.  The reference iPP sample exhibited the lowest value  16.5 %, 

and hence it comes under the highly flammable material.60, 61 53 On the other hand, the 

nanocomposites showed an improved LOI, and the largest value was observed for the 

10 wt% CNT-LDH reinforced nanocomposites ( 26 %). The improved LOI is mainly 

ascribed to the enhanced flame-retardancy of the nanocomposites, which is in good 

agreement with the MCC experimental data. 
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5.3.3.4. Flame-Retardant Mechanism 

Flame-retardant behavior of the nanocomposites is mainly explained by three 

different mechanisms; the gas phase, endothermic, and char induced (intumescent) 

flame-retardancy.18, 21, 28 The endothermic and char induced flame-retardancy 

mechanisms are applicable mainly in the condensed phase, and  are the important 

mechanisms taking place in numerous flame-retardant nanofillers, such as CNT, 

graphene, layered silicate, LDH, and polyhedral silsesquioxanes (POSS).3, 21, 28, 36, 53, 62  

Table 5.3. Flammability parameters of iPP and its nanocomposites obtained from MCC test. 

Sample PHRR   in 

(W/g) 

(20) 

% of 

reduction    

in HRR 

THR       

in kJ/g    

( 0. 5) 

T-max     

in (°C)  

(2) 

HRC     in 

(J/g.k)  

(20) 

iPP 1435 - 54.0 468 1460 

1 wt% iPP/LDH 1322 7.8 53.1 467.5 1356 

2 wt% iPP/LDH 1160 19.16 51.36 472.5 1146 

1 wt% iPP/CNT 900 37.28 46.52 472 923 

2 wt% iPP/CNT 988 30.45 47.77 470.5 969 

1 wt% iPP/CNT-LDH 776 45.92 45.48 464 803 

2 wt% iPP/CNT-LDH 580 59.58 43.62 461 616 

The LDH and CNT fillers come under the endothermic and intumescent flame-

retardant material, respectively.18, 28, 37 In the current investigation, although the filler 

loadings are same, significant difference in the flame-retardancy order was observed. 

The hierarchical CNT-LDH containing nanocomposites showed the better flame-

retardancy even with a small filler loading (2 wt%).   The residual charring behavior 

and physical barrier effect are some of the key aspects of an efficient flame-retardant 

nanocomposite.3, 18, 28, 37, 63 In addition, other supporting parameters including filler 

network and dispersion state in the polymer matrix, filler thermal stability and poor 

thermal conductivity are also important in a low fire hazardous polymer 

nanocomposites.3, 16, 18, 29, 30, 64 In the present work, the residual charring behavior of the 

nanocomposites was investigated (Table 5.2). The estimated char yields were 
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calculated by considering the residual char yield of neat filler (Figure 5.8a), and the 

observed values were directly obtained from the TGA thermogram of the 

nanocomposites (Figure 5.6b). From Table 5.2, it is clear that the no residue was left for 

the reference iPP, whereas their corresponding nanocomposite yielded residual char.  

The observed residual char amounts were larger than the expected one, on the basis of 

the filler loading.  

 

Figure 5.8. (a) TGA thermogram for neat fillers and (b) thermal conductivity results obtained 

for iPP and its nanocomposites. 

The char yield was found to increase with the increase in the filler concentration 

and can be attributed to the dispersed filler jammed network structure (Figure 5.3b), 

which mainly initiates the residual carbon char formation during the combustion 

process.3, 53, 54 Here it is important to note that with same amounts of filler loading (2 

wt%), the nanocomposites with different filler exhibited different char yields. The 

hierarchical CNT-LDH filler containing nanocomposites showed the larger residual char 

compared to the iPP/CNT, which is followed by iPP/LDH nanocomposites. The 

formation of residual char followed the same order (iPP/CNT-

LDH>iPP/CNT>iPP/LDH>iPP nanocomposites) as that of the flame-retardancy and 

thermal stability. Therefore, residual charring behavior is the key parameter to reduce 

the flammability of the nanocomposites, and the flame-retardancy efficiency differs 

with respect to the char amounts or residual char yield of the filler.3, 18, 30, 36, 37, 63 In the 

combustion process the residual char act as a thin protective layer over the sample 

surface and hinders the rapid transfer of heat, flammable gases and oxygen, which 
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reduces the flammability of the nanocomposites.3, 18, 28, 30, 53 In addition to the residual 

charring behavior, other supporting parameters (Figure 5.8) such as filler thermal 

history, poor thermal conductivity and filler distribution states cooperatively helped 

the hierarchical iPP/CNT-LDH nanocomposites to attain better flame-retardant 

properties compared to the individual filler reinforced nanocomposites (iPP/CNT and 

iPP/LDH). This whole process followed the condensed phase flame-retardancy 

mechanism.3, 28 

5.4. Conclusions 

In summary, LDH, CNT and CNT-LDH were incorporated with iPP using a 

solution blending method to prepare highly dispersed polymer nanocomposites. 

Through a systematic examination, we found that the CNT dispersed nanocomposites 

exhibited superior nucleation and temperature-dependent viscoelastic behavior, over 

the LDH and CNT-LDH filled nanocomposites. Unlike those two physical characteristics 

(nucleation and dynamic mechanical performance), the hierarchical CNT-LDH filled 

polymer nanocomposites showed improved flame-retardancy and thermal degradation 

behavior, even with a small fraction the filler. Upon addition of the 2 wt% CNT-LDH 

filler, thermal degradation stability (44 °C) and flame-retardancy (59%) of the iPP has 

been improved considerably compared to the CNT and LDH reinforced nanocomposites. 

The LOI values also enhanced significantly, and the maximum improvement was 

observed for the 10 wt% iPP/CNT-LDH nanocomposites (26 %). The synergistic effect 

of CNT and LDH helps in improving the thermal stability and flame-retardancy of the 

hierarchical iPP/CNT-LDH nanocomposites. The formed hierarchical CNT-LDH jammed 

networks in polymer matrix act like an effective catalyst to generate larger amounts of 

residual carbon char and it forms a protecting layer over the surface. This protecting 

layer helps in delaying the heat and flammable gas release and thus makes the 

iPP/CNT-LDH nanocomposite a potential flame-retardant and thermally stable 

material. 
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5.5. Experimental Description 

Materials: IPP (Mw ~120000, Đ ~4.5) used in the current study was kindly supplied by 

Idemitsu Petrochemical Co., Ltd. Japan. Al(NO3)3∙9H2O, Co(NO3)2∙6H2O, Zn(NO3)2∙6H2O 

metal salts and multiwall carbon nanotubes (MWCNT) were obtained from Sigma 

Aldrich Co. Ltd. Other chemicals (reagents and solvents) such as nitric acid (HNO3), 

sulfuric acid (H2SO4), potassium permanganate (KMnO4), urea, xylene, ethanol, and 

acetone were purchased from Merck Co., Ltd. India. 

Synthesis of Co-Zn-Al LDH: The Co-Zn-Al LDH with the metal ratio 1:1:1 was 

synthesized using the procedure adopted in chapter-4. 

Functionalization of MWCNT: Modified Hummers method was used for the 

functionalization of MWCNTs.39 In this method, 15 g of the MWCNTs and 12 ml of 

concentrated H2SO4 was added to a 250 ml round-bottom flask. The resulting mixture 

was stirred continuously for 24 h at room temperature, after that the solution 

temperature was raised to 40 °C. During the addition of 175 mg of NaNO3 and 0.5 g of 

KMnO4, the reaction temperature was maintained below 45 °C. Later the solution 

temperature was raised to 40 °C and kept for 30 min with continuous stirring. 

Subsequently, 40 ml of water was added slowly to the flask using a dropper. After 15 

minutes, the flask was removed from the oil bath, and 70 ml of water and 5 ml of 30% 

H2O2 were added at the end of the reaction. The functionalized MWCNT was collected 

by passing through a nylon membrane and the resultant functionalized MWCNT were 

repeatedly washed with 5% HCl solution and distilled water. Finally, sample was 

collected and dried in vacuum oven at 80 °C for 24 h. 

Synthesis of Nanocomposites: The polypropylene nanocomposite with different filler 

concentration was prepared by solution blending approach. For 2 wt% iPP/LDH-CNT 

nanocomposites, initially, 0.02 g of acetone washed 0.01g LDH, and 0.01g MWCNT was 

taken into a two necked round bottom flask consisting of 100 ml xylene solvent and 

subsequently sonicated for four days in a bath sonicator. To the sonicated solution 

0.9800 g of iPP was added and then refluxed at 150 °C for 24 h. Finally, the polymer 

solution was reprecipitated from ethanol. The precipitate was collected by vacuum 

filtration and dried under vacuum at 100 °C for 24 h. The remaining nanocomposites (2 
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wt% iPP/LDH and 2 wt% iPP/CNT) and the pure polymer were also prepared by 

following the same process.  

5.6. Characterization 

The morphology of prepared LDH and CNT were analyzed using TEM (JEOL 

2010 operating at 300 kV) and SEM as discussed in the previous chapters.  

DSC measurements were performed using a TA Q2000 DSC apparatus. All the 

measurements were carried out under the nitrogen atmosphere. For measuring the 

crystallization half-time (t 1/2), the molten samples were rapidly cooled from the melt to 

the desired crystallization temperature (130 °C) at a faster cooling rate of 100 °C/min, 

and the samples  allowed to crystallize at that temperature. The non-isothermal 

crystallization data were collected while cooling the samples from the melt to room 

temperature at 10 °C/min cooling rate. Those samples were again reheated to 200 °C 

for understanding the melting behavior. DMA (TA Instruments Model Q800) was used 

to study the temperature-dependent dynamic mechanical properties of the samples as 

discussed in the previous chapter. Thermal stability of the prepared nanocomposites 

were analyzed with the help of thermo gravimetric analysis TA Q50 instrument.  

Microscale combustion calorimetry (MCC-1, FTT) experiments were performed using 

the same procedure as explained in chapter 4. 

The limiting oxygen index (LOI) values were measured by digital oxygen index analyzer 

(Fire Testing Technology, UK) according to ASTM D2863-97. The specimens with the 

dimension 10 cm  1 cm  0.2 cm were used for the test. 
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Conclusions and Future Perspectives 

 

The following general questions were addressed to understand the relationship 

between structure, morphology, and physical characteristics of the polymer 

nanocomposites. What are the thermodynamic driving forces that direct 

intercalation/exfoliation of LDH? How would lateral dimensions of the fillers affect 

the properties of the resultant polymer nanocomposites? Do the intralayer metal 

constituents of LDH modify the composite’s properties? We tried to address some of 

these questions with the support of experimental evidence in this thesis. 

 

The key findings and conclusions of the present thesis are summarized below. 

In order to understand the thermodynamic driving forces that direct 

intercalation/exfoliation of LDH, we have developed two different methods for the 

delamination and the lateral size reduction of LDH. In the first method, we used 

sonication-assisted delamination of LDH to prepare stable dispersions of smaller-

sized LDH nanoparticles in non-polar solvents (∼50–200 nm). In the second method, 

we developed a new approach to obtain the nanodots of delaminated LDH sheets 

without the aid of longer sonication. To the best of our knowledge, it is for the first 

time, the delaminated LDH with lateral dimensions as low as 10-30 nm and featured 

a thickness of ~1 nm were obtained. In both these methods, the solvents used for the 

dispersion of LDH played a crucial role in removing the intercalated water molecules 

and in the second case, the anion exchange was also taken place. This has resulted in 

the weakening of the strong electrostatic interactions between the LDH layers to 

obtain the delaminated sheets. LDH sheets thus obtained were used for synthesizing 

highly dispersed iPP nanocomposites with different loadings from 1 to 10 wt % using 

a modified solvent mixing method. Furthermore, we systematically compared the 

influence of the lateral size of LDH on the hierarchical structure and properties of iPP.  
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Conclusions: 

In chapters 2 & 3, we systematically investigated how the lateral size of LDH 

particles would affect the properties of the polypropylene. In the first study, highly 

exfoliated iPP nanocomposites were synthesized by the modified solvent mixing 

method using two different sized Mg-Al LDH (nano and m-sized LDH) 

nanoparticles. It was observed that sonicated LDH nanoparticles (nano LDH: ∼50–

200 nm) dramatically improve the thermal stability, nucleation ability and 

crystallization rate of iPP at very low LDH loadings compared to that of 

nanocomposites with larger LDH (m-sized LDH) particles with the same 

concentration. This might be due to the high surface area of the smaller LDH 

nanoparticles and its better dispersibility within the polymer matrix. However, it was 

observed that the incorporation of LDH nanoparticles did not change the 

crystallization growth mechanism and crystal structure of iPP. Longer sonication of 

LDH is not economically viable, and it is difficult to obtain large quantities of 

exfoliated LDH by this method. To overcome this, a simple and single step approach 

has been developed for the simultaneous delamination and the lateral size reduction 

of LDH. Treatment of the as-prepared LDH with dilute acid led to the formation of 

delaminated LDH sheets with lateral dimensions as low as 10-30 nm (nanodot LDH) 

and featured a thickness of ~1 nm, with the same chemical composition. The effect of 

three different lateral-sized LDH (micro, nano and nanodot LDH) on the hierarchical 

structure and properties of iPP was systematically investigated. It was observed that 

the different-sized LDH particles have a significant effect on the nucleation ability, 

thermal stability and mechanical properties of iPP. Especially the incorporation of 

nanodot LDH showed a remarkable effect on spherulite size, lamellar thickness, 

crystal structure, crystallization rate, thermal stability, and mechanical behavior of 

iPP. The nucleation ability of iPP in the presence of nanodot LDH is the best 

compared to other iPP nanocomposites reported using LDH as fillers in the 

literature. Based on these two chapters, we may say that the surface area of 

nanofillers and dispersion state are key factors in determining the properties of 

polymer nanocomposites. 
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Another important feature of LDH is its flexibility in tuning the composition of 

inorganic layers. Influence of the intralayer metal composition on polymer properties 

was not systematically investigated in the literature. For that purpose, we prepared 

two-metal-LDH (Co-Al LDH and Zn-Al LDH) and three-metal-LDH (Co-Zn-Al LDH) 

and used them as nanofillers to prepare highly dispersed iPP nanocomposites using 

the same solution blending method. It was found that the incorporation of either 

two-metal-LDH or three-metal-LDH dramatically improves the crystallization rate 

and storage modulus of iPP. However, not much difference is observed in these 

properties with the type of LDH used for the preparation of nanocomposites. On the 

other hand, the kind of LDH could influence the thermal stability and flame retardant 

properties of iPP. When the filler loading was 6 wt%, the T0.5 and HRR values of the 

iPP nanocomposites containing three-metal-LDH (Co-Zn-Al LDH) were found to be 

significantly higher than that of the corresponding nanocomposites prepared using 

the two-metal-LDH (Co-Al LDH and Zn-Al LDH). This difference might be due to the 

better char formation capability of three-metal LDH compared to that of two-metal-

LDH. 

Carbon nanotubes are known to enhance the physical properties of polymers. An 

attempt was made here to study the effect of CNT/LDH hybrid filler on the physical 

properties of iPP and compared these results with iPP/LDH and iPP/CNT 

nanocomposites. We found that the CNT dispersed nanocomposites exhibited 

superior nucleation and temperature-dependent viscoelastic behavior, over the LDH 

and CNT-LDH filled nanocomposites. However, unlike those two physical 

characteristics (nucleation and dynamic mechanical performance), the hierarchical 

CNT-LDH filled polymer nanocomposites showed improved flame-retardancy and 

thermal degradation behavior, even with the addition of a small fraction of the filler. 

Upon adding 2 wt% CNT-LDH filler, thermal degradation stability (44 °C) and flame-

retardancy (59%) of the iPP has been improved considerably compared to the CNT 

and LDH reinforced nanocomposites. The LOI values also enhanced significantly, and 

the maximum improvement was observed for the 10 wt% iPP/CNT-LDH 

nanocomposites (26 %). The synergistic effect of CNT and LDH helps in improving 
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the thermal stability and flame-retardancy of the hierarchical iPP/CNT-LDH 

nanocomposites. The hierarchical CNT-LDH jammed networks formed in the 

polymer matrix act as an effective catalyst to generate larger amounts of residual 

carbon char and it forms a protecting layer over the surface. This protecting layer 

helps in delaying the heat and flammable gas release and thus makes the iPP/CNT-

LDH nanocomposite a potential flame-retardant and thermally stable material. 

Future Perspectives 

The results obtained in this study provide an excellent scope for the further studies as 

discussed below. 

 The prime focus of the current thesis was the investigation of the effect of 

different lateral sized LDH on some of the properties of iPP, such as 

crystallization and mechanical behavior. However, the effect of lateral size on the 

flame retardant behavior of iPP was not investigated. Prospectively, the influence 

of the different lateral sized LDH on flame retardancy would be interesting to 

investigate. 

 In the present work, iPP nanocomposites were prepared using as-synthesized 

LDH and demonstrated that three-metal LDH showed better flame retardant 

behavior compared to the two-metal LDH. There is a large scope to investigate 

the synergistic effect of three-metal LDH with suitable organic species, which 

may help in improving the flame-retardancy of engineering plastics. 

 Hybrids containing 2D layered materials within polymeric matrices have a great 

potential as functional nanocomposites for gas separation technologies. It will be 

interesting to investigate the barrier properties of the developed nanocomposite 

films. 
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