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ABSTRACT 

 The clay materials provide a 2-D lamellar structure with a myriad of applications 

in medicine, water treatment, catalysis, and biochemistry. They are utilized for the 

development of organic and/or inorganic-clay nanocomposites due to high cation 

exchange capacity, swelling behaviour, adsorption and large surface area. The surface 

can be chemically and physically modified to suit technological needs. Various ionic clay 

minerals such as Hydrotalcite (HT: Mg1-xAlx(OH)2Clx), Hydrocalumite (HC: Ca1-

xAlx(OH)2Clx), Talc (Mg3Si4O10(OH)2), Pyrophyllite (PP: Al2Si4O10(OH)2), Haloysite 

(HS: Al2Si2O5(OH)4), Montmorillonite (MMT: Al2-xMgxSi4O10(OH)2Nax), and Hectorite 

(HEC: Mg3-xLixSi4O10(OH)2Nax) can be synthesized utilizing hydrothermal procedures. 

This synthesis method is tedious, time consuming, expensive, energy-intensive, and 

dangerous due to the high temperatures and pressures required. In the synthesis of clay 

minerals precursor compounds are dissolved in water and precipitated as amorphous gels. 

Subsequent hydrothermal treatment produces the desired clay mineral. This process 

involves bond breaking by the solvent and then reformation through hydrothermal 

treatment. The hypothesis in this project is based on breaking the bonding of reagents and 

reforming a new clay material through a facile solid state method rather than through 

solvents. The ultimate objective of this research is synthesis of these materials via 

mechanochemical means, study structural features, morphological characterization, and 

thermal behavior of products as a function of synthesis conditions (e.g. the effect of ion 

substitution and synthesis parameters on the porosity and textural characteristics of 
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synthetic clays). Mechanochemistry is the combination of mechanical and chemical 

phenomena which is complex and different from thermal or photochemical mechanisms. 

In this project, we successfully prepared anionic clays (e.g. HT, and HC), non-ionic (e.g. 

Talc and PP), and cationic clays (e.g. MMT, and HEC) through the mechanochemistry 

method. The subsequent autoclaving process on the non-ionic and cationic samples were 

studied. The structural features and morphological characteristics of milled samples were 

analyzed and characterized by X-ray diffraction (XRD), Fourier Transform Infrared 

spectroscopy (FT-IR), field emission scanning electron microscopy (FESEM), energy 

dispersive spectroscopy (EDS), elemental mapping analysis, transmission electron 

microscopy (TEM), X-ray fluorescence (XRF), and differential thermogravimetric 

analysis (DTGA). The results presented in this dissertation provided a plethora of new 

information that challenge old dogmas. One of the main contributions of this study was to 

demonstrate, for the first time, that many smectite clays can be synthesized via a one step, 

wet mechanochemistry process. 
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1. INTRODUCTION 

 Clay minerals with a 2-D lamellar structure are categorized by two main ionic 

lamellar solids as a function of ion exchange properties: the anionic clays (e.g. HT and 

HC) and cationic clays (e.g. MMT, and HEC). These materials are composed of charged 

layers and charge compensating ions within the interlayer or gallery region [1]. Clays like 

Talc, Kaolinite, Serpentite, Chlorite, Pyrophyllite, and Illite are considered as non-ionic 

clays due to the lack of ion exchange capacity.   

 

1.1.1. Anionic Clays 

 The anionic clays or layered double hydroxides (LDH) with general formula of 

[𝑀(1−𝑥)
2+ 𝑀𝑥

3+(𝑂𝐻)2]𝑥+[𝐴𝑥/𝑛
𝑛− ]. 𝑚𝐻2𝑂 contain positively charged layers, which are the 

result of the isomorphous substitution of M2+ ions by M3+ ions [2]. The dominant divalent 

cations, M2+, are Mg2+, Ca2+, Mn2+, Fe2+, Ni2+, Cu2+ and Zn2+, and the dominant trivalent 

cations, M3+, are Al3+, Mn3+, Fe3+, Co3+ and Ni3+. The most common intercalated anions 

are CO3
2−, Cl−, SO4

2−, OH− or NO3
−, together with water molecules, occupy the interlayer 

space [3]. Fig. 1 shows a representation of the hydrotalcite structure. Synthetic ionic clays 

with the HT structure have a combination of Mg2+ or Al3+ cations, and CO3
2− anion such as 

the Mg0.8Al0.2 (OH)2(CO3)0.1. Other forms of HT are known as chloride form (Mg0.8Al0.2 

(OH)2(Cl)0.2), and sulfate form (Mg0.8Al0.2 (OH)2(SO4)0.1). The carbonate ion due to a 

higher affinity in the HT interlayer, is easily trapped in LDH as soon as it is exposed to air 

and moisture. This form of HT is utilized as CO2 absorbents, ion exchangers, fire 

retardants, and base catalysts [4].  
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Fig. 1 A representation of the Hydrotalcite structure 

  

Hydrocalumite (HC) are anionic clays with the chemical formula of Ca1-XAlX(OH)2 A
n−

X, 

where An− represents the charge balancing anions such as CO3
2−, Cl−, SO4

2−, OH−, 

Al(OH)4
− or NO3

− [2]. HC also belong to the family of layered double hydroxides (LDH) 

different from Hydrotalcites. Their main layer has well-ordered Ca/Al distribution in the 

hydroxide layers due to the large cationic radius of Ca2+ in comparison to Mg2+. The 

water and anions are placed in the interlayer spaces (see Fig. 2) [5]. Some anions are 

preferentially intercalated with LDH. They may be used for targeted anion removal in for 

environmental protection [6]. The carbonate ion because of its high affinity is preferably 

the intercalated anion in HC structure, which is easily trapped in LDH [7]. The presence 

of the carbonate in the interlayer region significantly affects the chemical reactivity of the 

LDH. Yoon et al. [8] reported that calcined layered double hydroxide is an effective 

absorbent for chloride ions in cement. Linares et al. [9] demonstrated that carbonated 

hydrocalumite can be used as an antacid using a synthetic gastric juice.  
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Fig. 2 A representation of the Hydrocalumite structure. 

  

 HC has industrial and environmental applications for mopping up of oil from oil–

water mixtures [10], the removal of environmental hazards in acid mine drainage [11], 

and the disposal of radioactive wastes [12]. Chloride intercalated HC efficiently removals 

nitrate from water because chloride in HC can be easily exchanged for nitrate. Chloride 

HC can form other types of Ca-Al-LDH [13].  

Many different chemical methods have been employed for the fabrication of 

anionic clays. These methods include co-precipitation at different pHs for the removal of 

heavy metal [14], hydrolysis [15], sol-gel [16], Microwave-assisted structure 

reconstruction which help the crystalline growth of HC [17], hydrothermal [18], and 

sonication [19]. Mechanochemistry (MC) is a solvent-free process that has attracted 

special attention as a method to prepare commercially nanostructured materials with 

proper structural characteristics due to its simplicity and versatility. The information 

regarding the preparation of clay materials through this process is limited [20]. MC is a 
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broadly used process in which mechanical force is used to achieve chemical processing 

and transformations [21]. In MC process, melting is not necessarily occurring. A 

homogenous product with nanostructural features is produced from blended reagents 

mixture [22, 23]. In terms of environmental and topochemical viewpoints, the reactions 

between solid reactants without a solvent are essential. Large amounts of solutions can be 

eliminated. Noxious gases emissions and the release of wastewater can be avoided with 

the solvent-free MC method [24]. The mass production of LDH with MC processing is 

promising.   

A limited number of experiments have been reported involving the intercalation 

of different anions into the interlayer LDH via MC method. Isupov et al. [25] reported 

the formation of Mg-Al-LDHs by mixing magnesium hydroxide with aluminum nitrate, 

sulfate, and chloride with a high-energy ball mill. Khusnutdinov et al. [26] obtained the 

hydroxycarbonate form of HT with a mechanical Alloying (MA) process. The synthesis 

of Zn-Al-LDHs through grinding followed by autoclaving the solid precursors at 150 °C 

for 1day was investigated by Chitrakar et al. [27]. New LDHs such as Li-Al [28], and Ca-

Sn [29] LDH were prepared by the MA method. Ferencz et al. [30] prepared Ca–Al–

CO3–LDH using calcium hydroxide and aluminum hydroxide by a two-step MA process 

with some impurities (15.6 wt.% Katoite) in the final product. Note that Ca–Al–LDH was 

initially formed as a metastable compound in cement and converted to cubic Katoite 

(Ca3Al2(OH)12) as a stable calcium aluminate hydrate during concrete curing [31]. Qu et 

al. [32] was also reported two steps mechanochemically induced Ca–Al–CO3–LDH. 

Their initial results demonstrated that the milling of hydroxides gave Katoite but no LDH 

phase. Calcium chloride and calcium carbonate were added to their mixture. The addition 
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of a third phase to Ca and Al hydroxides allowed the easy formation of stable Ca–Al–

LDH phases.   

 

1.1.2. Cationic Clays 

 The cationic clays such as MMT and HEC form an important group of the 

phyllosilicate family (layered structures) of clay minerals. They are composed of 

polymeric sheets of SiO4 tetrahedra linked to sheets of (A1, Mg, Fe) (O, OH)6 octahedra 

[33]. The charge deficit of the negatively charged layers is compensated by interlamellar 

cations that are usually hydrated [34]. These clays are ubiquitous in soils, sediments, and 

widespread in nature. They are difficult to synthesized [35]. The high specific surfaces, 

and ion-exchange properties results in a wide range of industrial applications in ceramics, 

nanocomposites, medicine, catalysis, and biochemistry [33]. The cationic clays are used 

to develop polymer-clay nanocomposites that are chemically and physically modified to 

suit practical technological needs. The characteristics of clay make it ideal for the 

delivery of genes to a target cell for gene therapy [36]. They stable, non-toxic nature, and 

tightly adsorb and protect biomolecules from enzyme and photocatabolic degradation. 

MMT and Hectorite are essential for the development of new therapeutic techniques for 

the healthcare sector [37]. 

Natural MMT has average porous size (nanoporous) of about 15 Å (1.5 nm) [38]. 

In the crystal structure of MMT, some of the atoms of Al are replaced by Mg, lithium 

(Li) or iron (Fe) by isomorphic substitution. The negative charge on the surface of the 

sheet layer is offset by exchangeable metal cations residing in the interlayer space, such 
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as sodium (Na), and calcium (Ca) [37]. A representation of the MMT structure is 

presented in Fig. 3. 

 

Fig. 3 A representation of the Montmorillonite structure 

 

The basic structural unit of hectorite has two tetrahedral SiO2 layers that sandwich 

and condensed to a central magnesium oxide octahedral layer. Cation exchange capacity 

arises from isomorphous substitutions of Li+1 for Mg+2 in the octahedral layer. Synthetic 

hectorite (Laponite) has high viscosity and transparency in water with all the benefits 

mentioned for cationic clays [39].  

In natural clays, moderate amounts of cations (e.g., Fe, Ni, Mn) can occupy the 

octahedral sites. Small amounts of Al, Cr and Ti may replace for Si [40]. The presence of 

foreign ions (i.e., Fe, Ni, Al, etc.) in natural clays in inconsistent amounts may inhibit the 

performance of these minerals. The synthesis and characterization of synthetic cationic 



 

7 

 

clays is an important subject [41]. Variables such as composition, purity, reproducibility, 

and specifically designed features can be controlled without using natural clay specimens 

[33]. Questions related to formation and stability are best answered by a study of 

synthetic, fully characterized, single-phase specimens.  

 Scientists demonstrated that various clay minerals (e.g. Talc [41], MMT [42], and 

Hectorite [43]) can be synthesized utilizing hydrothermal process. Synthetic MMT 

requires temperatures, in the 300–400 °C range. Autogenous pressure conditions to afford 

the best purity and crystallinity in reasonable timeframes. Hectorite forms at low 

temperatures and pressures in nature. It is amenable to crystallization under much less 

rigorous conditions [39]. Hydrothermal processing is tedious, expensive, energy-

intensive, and dangerous due to the high temperatures and pressures required.  

 

1.1.3. Mechanochemistry process 

 Mechanochemistry (MC) is the ball milling of powders with different 

compositions that results in changes in the structure or microstructure. This method is a 

broadly used method in which mechanical force is utilized to achieve transformations and 

chemical processing. Melting is not necessarily occurring in this process and a 

homogenous product with nanostructural features is produced from grounded precursors 

mixture [23]. The mechanism for MC of clay materials involve first forming a lamellar 

structure, that on continued milling, become finer and finer, and finally alloying occurs 

via diffusion. In some cases, amorphization mechanism is predominant which involves 

the transformation from the crystalline to the amorphous state in single component 

materials. The amorphization by MC might also affected by the defects produced by the 
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deformation of ball milling [44]. It has been demonstrated that the defects introduced into 

the crystalline materials by the deformation of ball milling rise the Gibbs free energy of 

the crystalline state to that of the amorphous state, thus promoting the transformation. 

 

1.1.4. Outline  

 The present dissertation describes the synthesis of anionic clays like HT and HC 

with different degrees of anion substitution via mechanochemical activation procedures. 

Various forms of HT and HC with chloride, nitrate, and sulfate counter ions are expected 

to be better anionic clays for industrial and environmental applications when compared to 

the carbonate form.  

 The second objective of this project is the synthesis of non-ionic and cationic 

clays via mechanochemical processing. A study of synthesis conditions on the structural 

characterization is included. To the best of our knowledge, this is first synthesis of 

cationic clay minerals through the MC method. The first step was to prepare Talc and PP, 

which have similar layered structures with MMT, and HC, respectively. Next, the 

preparation of MMT and HEC was conducted via MC processing. Autoclaving was 

employed to obtain high crystalline smectite clays. Fig. 4 displays a schematic view of 

the preparation of anionic, non-ionic, and cationic clays nanopowders in this research. 

These 2-D layered materials have significant potential for environmental and industrial 

applications. 
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Fig. 4 A schematic view of the preparation of clays nanopowders. 
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1.2. Characterization techniques 

1.2.1. Phase analysis 

Phase identification was carried out on a Bruker D8 Advance ECO using Cu–Kα 

radiation (λ ≈ 1.54Å). The patterns were scanned in different ranges mostly from 5 to 80 

degrees 2θ with a step size of 0.03 degrees. The XRD profiles were compared to 

standards compiled by the Joint Committee on Powder Diffraction and Standards 

(JCPDS). The functional groups and structural changes of the samples were carried out 

by Fourier transform infrared spectroscopy (FT-IR, Bruker Tensor 27, USA). All spectra 

were recorded at ambient temperature in the range 4000–400 cm–1.  

 

1.2.2. Morphological characterization  

The morphological features of the milled specimens were characterized using 

FESEM (FEI Helios Nanolab 400 SEM). A more detailed morphological analysis was 

also executed using TEM (JEOL JEM 1200 EXII) that operated at the acceleration 

voltage of 120 kV. EDS and elemental mapping analysis attached to the FESEM was 

used to determine the elemental composition and distribution of components. The 

elemental analysis of powders was determined using the Supermini 200 (Rigaku) X-ray 

fluorescence (XRF) analyzer.  

 

1.2.3. Thermogravimetric analysis 

Thermal analysis was performed with a TGA (TA Q50 Thermogravimetric 

Analyzer) in an argon atmosphere at a rate of 10°C/min from room temperature to 800 

°C. 
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2. HYDROTALCITE 

2.1. Carbonate intercalated hydrotalcite  

Carbonate intercalated Mg-Al layered double hydroxides (Mg-Al-CO3-LDH) were 

successfully produced by the MC process using different starting raw chemicals. Two 

distinct chemical reactions were activated at different milling times. The samples were 

characterized by XRD, FESEM, EDS, and TEM. The structural characteristics of Mg-Al-

CO3-LDH were affected strongly by milling time. Based on the XRD data, the formation 

of pure HT was strongly influenced by the chemical composition of raw materials. 

Electron microscopic observations determined that the final product had a platelet-like 

structure with an average particle size of 20-100 nm. The synthesis of Mg-Al-CO3-LDH 

is a cost-effective solid-state method owing to simplicity and reproducibility. This is a 

promising candidate for use in catalyst industries. 

 

2.1.1. Materials and Experimental procedure   

Magnesium hydroxide (99%, Sigma-Aldrich), Magnesium chloride (99%, 

ACROS), Sodium carbonate (99%, Sigma-Aldrich), Aluminum chloride (99 %, 

ACROS), and Sodium hydroxide pellets (97%, ACROS) were purchased and milled 

using high energy ball mill (8000M Mixer/Mill) under air atmosphere. The 

mechanochemical activation was done in a hardened chromium steel vials (vol. 65 ml) 

using steel balls (13 mm in diameter) for 14, 30, 60, 180, 300, 600 min. The weight ratio 

of ball-to-powder (BPR) and vibrational speeds were 10:1 and 1750 RPM, respectively. 

To investigate the effect of chemical composition of raw materials on the mechanically 



 

12 

 

induced HT and purity of final products, two distinct chemical reactions were utilized as 

follows:  

0.2AlCl3 + 0.8Mg(OH)2 + 0.4NaOH + 0.1Na2CO3 → Mg0.8Al0.2 (OH)2(CO3)0.1 + 0.6NaCl 

           (R1) 

0.8MgCl2 + 0.2AlCl3 + 2NaOH + 0.1Na2CO3 → Mg0.8Al0.2 (OH)2(CO3)0.1 + 2.2NaCl  

           (R2) 

The mole ratio of magnesium to aluminum was equal 4, and the substitution degree of 

CO3
2- was chosen equal 0.1. The mechanically activated powders were washed three 

times with deionized water (20 ml) on a paper filter, and then were dried under oven at 

80°C for 1h.  

 

2.1.2. Results and discussions 

2.1.2.1. XRD analysis 

Fig. 5 presents XRD patterns of reaction 1 (R1) and reaction 2 (R2) samples 

milled at different milling times, which have been compared with standard diffraction 

patterns. Hydrotalcite is indicated by the lettered peaks (HT). Based on Fig. 5a, the main 

products of 60 min milling run were Brucite and HT. The mechanochemical reaction to 

produce HT was not completed in this time frame. Brucite completely vanishes with 

increasing of milling time to 180 min.  A pure phase composition of carbonated 

intercalated HT was formed. This trend continued up to 300 min when a partial trace of 

Periclase (MgO) appeared. HT decomposed slightly as the milling time increased. The 

intensity of main peaks for the 180 min milled sample decreased gradually as the milling 
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time increased. The proper crystalline structure was formed at 180 min milling time. 

Mechanically induced Mg-Al-CO3-LDH synthesis was affected by milling time (60-300 

min). 

 

Fig 5. (a) XRD patterns of reaction 1 milled at different milling time, and (b) the patterns 

of reaction 2 milled at different milling time. 

 

The XRD profiles of reaction 2 (R2) specimens milled at different milling times (15, 60, 

180 and 300 min) are displayed in Fig. 5b. From these profiles, all the main peaks 

belonged to the characteristic peaks of HT (JCPDS#14-0191). There is a close structural 

similarity among different milling times. The pure product was formed at lower milling 

time (15 min). The intensity of main peaks increased by increasing milling times from 15 

min to 60 min, and decreased with increasing milling time up to 300 min. The major 
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diffraction peaks and the crystalline order of the HT phase decreased. The phase 

identification of the milled samples between the two reactions is almost the same. Pure 

product of reaction 2 (R2) was obtained at lower milling time without any trace of 

impurities.  Fig. 6 shows a plot of basal plane d-spacing as a function of different milling 

times for R1 and R2. The interlayer spacing (d) can be determined by averaging the basal 

peaks according to the equation (I) [45]: 

𝑑 =
1

𝑛
(𝑑(003) + 2𝑑(006) + ⋯ + 𝑛𝑑(00𝑛))      (I) 

 

Fig. 6 Interlayer spacing of Mg-Al-CO3-LDH prepared from reaction 1 (a) and 2 (b) as a 

function of milling time. 

 

The results demonstrated that the interlayer spacing of HT structure is strongly influenced 

by milling time. It declined from 7.759Å to 7.63Å for R1 samples (180- 600 min). These 

values also decreased from 7.771 Å to 7.738 Å for R2 specimens (60-300 min). The 

reduction of interlayer spacing as a function of higher milling time is the shrinkage of the 

basal space because of the removal of water. This basal spacing is sensitive to the type of 

anion in the gallery.  

 

2.1.2.2. Microscopic Observation  

The FESEM images of 180 and 60 min milled samples from reactions (1) and (2) 

are shown in Fig. 7. This figure demonstrates the tendency for agglomeration of 
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mechanically induced nanopowders. Large agglomerates developed due to the moisture 

absorption of reactions (1) and (2) during the milling process and their large surface to 

volume ratio (Fig. 7a and b). Higher magnification of the SEM images indicates that each 

large agglomerate was composed of fine particles. The enlarged FESEM image of 180 

min milled specimen in Fig. 7a exhibits the detailed morphologies of HT nanopowders 

(R1). They have a compact, homogeneous and well-crystallized nanostructure. Precise 

examination at higher magnification of 60 min milled sample (R2) illustrates that each 

agglomerate is comprised of many fine rounded particles with platelet morphology (Fig. 

7b). Solid state diffusion dominates the coalescence of solid-like particles in milled 

samples [46]. 

 Detailed microstructure information of HT nanopowders was characterized by 

TEM in Fig. 8. From TEM images, 180 (Fig. 8a) and 60 min (Fig. 8b) milled samples 

agglomerate which is in agreement with SEM observations. The TEM image of the 

milled samples were comprised of rounded platelet-like particles with an average size of 

about 50 nm.  
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Fig. 7 (a) FESEM images of 180 min milled Mg-Al-CO3-LDH obtained from reaction 1 

(R1), and (b) 60 min milled sample from reaction 2 (R2). 

 

 

Fig. 8 (a) TEM images of 180 min milled Mg-Al-CO3-LDH prepared from reaction 1 

(R1), and (b) 60 min milled sample from reaction 2 (R2). 

 

The EDS analysis of 180 (R1) and 60 min milled samples (R2) are presented in Fig. 9. 

The EDS analysis was recorded from three different points on 180 min (R1) milled (Fig. 

9a) and 60 min (R2) milled samples (Fig. 9b). Based on the EDS profiles, the main 

http://www.sciencedirect.com.libproxy.txstate.edu/science/article/pii/S0272884214008852#f0040
http://www.sciencedirect.com.libproxy.txstate.edu/science/article/pii/S0272884214008852#f0040
http://www.sciencedirect.com.libproxy.txstate.edu/science/article/pii/S0272884214008852#f0040
http://www.sciencedirect.com.libproxy.txstate.edu/science/article/pii/S0272884214008852#f0040
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elements of both specimens were oxygen, magnesium, aluminum, and carbon. 

Contamination from the wear of vials and balls was absent. The average amount of 

magnesium and aluminum present for 180 min sample (R1) was calculated to be 29.86 

and 9.28 mass %, respectively. The values for the 60 min milled sample (R2) was 28.59 

and 8.35 mass %, respectively. The mole ratio of magnesium to aluminum was 3.22, and 

3.42 for 180 and 60 min, respectively. This was a little lower than the theoretical mole 

ratio (3.6). The similarity of the recorded data over three different points on both samples 

indicates a homogenous microstructure.  

 

 

Fig. 9 (a) EDS spectra of 180 min milled Mg-Al-CO3-LDH obtained from reaction 1 

(R1), and (b) 60 min milled sample from reaction 2 (R2). 

 

2.1.3. Conclusions 

In this section, Mg-Al-CO3-LDH was successfully synthesized through the MC 

method. Two reactions yielded a product with very similar structural characteristics. 

Results demonstrated that the formation and structural features of Mg-Al-CO3-LDH were 

influenced significantly by milling time and the chemical composition of raw materials. 

Based on the phase analysis, the formation of HT from reaction 2 (R2) was obtained at 
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lower milling time when compared with reaction 1 (R1). The outcomes indicated that the 

phase purity of mechanically induced HT was affected by the chemical composition of 

raw materials. Reaction 2 (R2) is preferred to reaction 1 (R1) to produce carbonate 

intercalated HT with higher phase purity. By increasing milling time, the unit cell volume 

and interlayer spacing of products obtained from both reactions decreased. Electron 

microscopic evaluations showed the agglomeration of platelet-like structures of Mg-Al-

CO3-LDH samples with mean particle size of around 50 nm.  
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2.2. Chloride intercalated hydrotalcite  

 In this section, Chlorine intercalated Mg-Al layered double hydroxides (Mg-Al-

Cl-LDH) with a chemical formula Mg0.8Al0.2(OH)2Cl0.2 were successfully produced by 

the one step mechanochemistry method. Subsequent water washing followed by aging at 

80 °C for 1h finished the synthesis. The samples were characterized by XRD, FT-IR, 

FESEM, EDS, elemental mapping analysis, TEM, and DTGA. Results revealed that the 

structural characteristics of Mg-Al-Cl-LDH were affected by milling time. Based on the 

phase analyses, the product with high purity was obtained at 5h milling. The interlayer 

spacing of LDH was influenced by milling time. Electron microscopic observations 

indicated that the final product had hexagonal platelet structure with a lateral dimension 

of 20-100 nm. The synthesis of Mg0.8Al0.2(OH)2Cl0.2 via mechanochemistry based on 

simplicity and versatility can be a promising candidate for use in catalyst carriers, drug 

delivery, and gene delivery.      

 

2.2.1. Materials and Experimental procedure 

Magnesium hydroxide (95%, Sigma-Aldrich), Aluminum chloride (99 %, 

ACROS), and Sodium hydroxide pellets (97%, ACROS) were purchased and used as 

received. To synthesize Mg0.8Al0.2(OH)2Cl0.2, the desired amounts (2 g) of Mg(OH)2, 

AlCl3, and NaOH were milled at different milling times (1, 3, 5, 10, 15, and 20h) in a 

high energy ball mill using hardened chromium steel vials under air atmosphere. The 

weight ratio of ball-to-powder (BPR) was 10:1. The mole ratio of magnesium to 

aluminum was equal 4. The powders were washed three times with deionized water (20 
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ml) on a paper filter, and dried in a lab oven at 80°C for 1h. The target composition was 

based on the following reaction (R3): 

0.8Mg(OH)2 + 0.2AlCl3 + 0.4NaOH → Mg0.8Al0.2(OH)2Cl0.2 +0.4NaCl  (R3) 

The XRD patterns were scanned from 5 to 80 degrees 2θ at an interval step size of 0.03 

degrees, and compared to standards compiled by the Joint Committee on Powder 

Diffraction and Standards (JCPDS): card #14-0191 for Hydrotalcite, #44-1482 for 

Brucite and #05-0628 for Halite. The crystallite size and lattice strain of the products 

were calculated by the Williamson-Hall equation (II) [19]: 

𝐵𝑐𝑜𝑠𝜃 = 0.9𝜆
𝐷⁄ + 𝜂𝑠𝑖𝑛𝜃        (II) 

where λ is the X-ray wavelength (0.154056 nm), D is the crystallite size, η is the internal 

micro-strain, θ is the Bragg angle (°), and B is the peak width (in radians). The values of 

η and D were obtained by plotting Bcosθ versus sinθ, where η represents the slope and 

0.9 λ/D the intercept of the line. Based on equation (II), the crystallinity degree (Xc) was 

obtained by taking the sum total of relative intensities of individual characteristic peaks:  

𝑋𝐶 = 𝑆𝑈𝑀 (𝐼1: 𝐼𝑛)𝐻𝑇 𝑆𝑈𝑀 (𝐼1: 𝐼𝑛)𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠⁄ ×100     (III) 

where I1:In is the total of relative intensities of characteristic peaks of HT for both the 

synthesized powders and standard.  

 The lattice parameters (a, and c) can be determined for (003) and (110) Miller’s 

planes from the following relation (IV):  

1

𝑑2 =
4

3

ℎ2+ℎ𝑘+𝑘2

𝑎2 +
𝑙2

𝑐2         (IV) 

where h, k, and l are the Miller indices. The unit cell volume (V) of the samples was also 

calculated using the following equation [20]: 

𝑉 = (𝑎2𝑐)𝑠𝑖𝑛60°         (V) 
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2.2.2. Results and discussions 

2.2.2.1. XRD analysis 

The x-ray diffraction patterns for all different milling time runs (1-20h) before 

and after washing and drying can be seen in Fig 10. Based on Fig. 10a, the main products 

of mechanical activation were sodium chloride, Brucite and HT for all the samples. The 

presence of Brucite after 1h milling indicates mechanochemical reaction was not 

complete. It almost disappeared with increasing of milling time up 5h. Fig. 10b shows the 

XRD profiles of the samples after washing and drying at 80°C for 1h. The X-ray profile 

of the 1h milled sample exhibits the most intense peaks of Brucite and HT. The peaks 

corresponding to the sodium chloride vanished entirely. This trend continued for the 3h 

milled specimen with considerable changes in intensity of peaks. The intensity of HT 

peaks increased, and Brucite declined. The milling time was not sufficient to have pure 

HT formation. Brucite remained in this sample. The XRD pattern of the 5h milled sample 

resulted in a pure phase composition of HT. An increase in the milling time up to 20h led 

to further sharpening of the major diffraction peaks and growth in crystalline order of the 

HT phase with a trace of Periclase (MgO). This confirms that HT decomposed slightly as 

the milling time increased. 
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Fig. 10 XRD profiles of samples as function of milling time before (a) and after (b) 

washing with deionized water followed by drying. 

 

 All sharp peaks corresponding to chloride intercalated HT were shifted gradually 

toward higher d spacing owing to presence of chlorine ions instead of carbonate ions (see 

Fig. 11). The XRD patterns along with the magnified region between 2θ = 7° to 25° of 
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carbonate intercalated LDH (Mg-Al-CO3-LDH) and Mg-Al-Cl-LDH samples milled for 

5h were compared in Fig. 11. Mg-Al-Cl-LDH with proper crystallinity was successfully 

formed. The diffraction patterns resembled the carbonated form of HT. 

 

Fig. 11 XRD patterns along with the magnified region between 2θ = 7° to 25° of Mg-Al-

CO3-LDH and Mg-Al-Cl-LDH samples milled for 5h. 

 

2.2.2.2. Structural features 

The crystallite size (D), lattice strain (η), and crystallinity degree (𝑋𝑐)of products 

as a function of milling time are shown in Fig. 12. In Fig. 12a, the crystallite size of 

specimens was obtained in the range of 5±0.4 to 24±0.5 nm (1-20h). The growth of 

crystallite size is affected by milling time so that there was an upward trend from 1h to 

15h milled specimens and downward after 20h milling. The lattice strain of the samples 

declined from 0.0691±0.0001 to 0.0007±0.0001as a function of milling time. The 

crystallinity of milled nanopowders is displayed in Fig 12b. The crystallinity of milled 
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samples increased significantly by approximately 43% with increasing milling time (1-

15h). It declined for 20h milled powders to 40±2%.  

 

Fig. 12 (a) crystallite size, lattice strain, and (b) crystallinity degree of samples (Mg-Al-

Cl-LDH) as a variation of milling time. 

 

Fig. 13 illustrates the interlayer spacing (𝑑), lattice constants (a, and c) and unit 

cell volume of the milled powders as a function of milling time. The basal spacing 

between layers of Mg0.8Al0.2(OH)2Cl0.2 as a function of milling time is displayed in Fig. 

13a. The data demonstrated that the interlayer spacing of the Brucite structure is 

influenced by milling time. It increased from 7.737±0.001 to 8.005±0.002 (1-15h) and 

decreased to 7.937±0.001 for the 20h milled sample. The reduction of interlayer spacing 

in higher milling time (20h) is due to the removal of water. This basal spacing is very 

sensitive to the type of anion in the gallery. Fig. 13b and c present the lattice constants 

and unit cell volume of milled nanopowders as a function of milling time. Based on the 

standard data of HT (JCPDF#14-0191), a-axis values were 3.07Å, and c-axis values were 

23.23Å, respectively. As  
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Fig. 13 (a) Interlayer spacing, (c) lattice constants, and (d) unit cell volume of specimens 

(Mg-Al-Cl-LDH) as a function of milling time. 

 

Compared with the data obtained from equation IV, the a–axis and c–axis values were 

different. An overall upward trend for milled samples as milling time increased (1-15h) 

except for the 20h milled specimen.  Chloride intercalated LDH led to small changes in 

the a–axis and c–axis as compared with HT. According to Fig. 13c, unit cell volumes of 
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the milled powders increased considerably from 191.3±0.01 to 198.57±0.02 Å3 as milling 

time increased (1-15h) and declined to 194.63±0.02 Å3 for the 20h milled sample. The 

disparities in the values of unit cell volume resulted from increases in the c constant 

rather than from the a parameter. This could be related to the structural changes of 

Mg0.8Al0.2(OH)2Cl0.2 during the milling process. The structural features of the 

mechanosynthesized Mg-Al-Cl-LDH were a function of the milling time.    

 

2.2.2.3. FT-IR analysis 

The FT-IR spectra of Mg0.8Al0.2(OH)2Cl0.2 powders as a function of milling time 

are recorded in Fig. 14. The spectrum of the initial reactants for 1h milling contains a 

narrow intensive band corresponding to the stretching vibrations of Brucite (3700 cm−1), 

a broad Hydroxyl band (ν2) at 3463 cm−1 (owing to crystallization and adsorbed water), a 

weak water band (δ) at 1636 cm−1 (due to the bending vibrations of water), and two bands 

at 556 and 448 cm−1 (due to Mg-O vibrations and Mg-O-H bending) [5]. The absorption 

bands at 1384 (ν3), 863 (ν2), and 668 cm−1 (ν4) indicates the stretching vibration of CO3
2, 

which is owing to the absorption of CO2 from the air [24]. With increasing milling time 

up to 3h, a sharp drop in the intensity of the Brucite band (3700 cm−1) is observed 

demonstrating the reaction of magnesium hydroxide with the other components. This 

band is completely vanished for longer milling time (5- 20h). This supports to the results 

obtained from XRD data. The intensity of the CO3
2 band at 1384 cm−1 (ν3), begins to 

decrease at 5h milling sample as the amount of Brucite decreases. It increases again for 

longer times (10-20h). Periclase appeared in those sample due to the partially 

decomposition of HT. The results are agreement with XRD profiles. 
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Fig. 14 FT-IR spectra of specimens (Mg-Al-Cl-LDH) as a variation of milling time. 

 

2.2.2.4. Morphological characterization   

Fig. 15 shows FE–SEM and TEM micrographs of the 5h milled sample. At low 

magnification of this sample (Fig. 15a), the milled sample had a high tendency to 

agglomerate owing to the large surface area of the powders [25].  In mechanochemical 

activation, two particles share common crystallographic orientation as two adjacent 

particles collide. Two particles blend into others to produce agglomeration [26]. The 

product with a platelet structure containing smaller particles is shown in higher 

magnification of FESEM figure (Fig. 15b). Fig. 15c displays a typical TEM image of 5h 

milled specimen. The particles were shaped hexagonally with a lateral dimension of 20-

100 nm. The hexagonal platelet particles containing small nanoparticles with different 

lateral dimensions were overlapped. The lateral dimension from TEM images is almost 

equivalent to the data calculated from XRD data. The morphology obtained by this 

method is similar to results obtained through co-precipitation and hydrothermal methods 
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[47, 48, 49]. MC is a facile and cost effective process for massive production of Mg-Al-

Cl-LDH with appropriate morphological features.  

 

Fig. 15 Morphological features of 5h milled sample (Mg-Al-Cl-LDH): (a) low, (b) high 

magnification FE–SEM images and (c) TEM image. 

 

 Fig. 16 exhibits EDS spectrum and the elemental mapping analysis of the 5h 

milled sample. The chemical composition of Mg-Al-Cl-LDH as an average of three 

different prepared samples is presented in Table 1. The total amount of magnesium and 

aluminum present on Mg-Al-Cl-LDH was estimated to be 30.15 and 8.5 mass %, 

respectively. The mole ratio of magnesium to aluminum was 3.93, which was a little 

lower than the standard mole ratio. The main components of the sample were oxygen, 

magnesium, aluminum, carbon, and chlorine. Sodium chloride was the only by-product 

of milled sample, which was removed by washing. No other contaminants were detected. 

Fe contamination resulting from the wearing of the steel vials and balls was not detected. 

Elemental mapping analysis of the powders showed an appropriate distribution of 

elements. This confirmed the formation of homogenous microstructures during milling. 

Due to the high volume fraction of magnesium and oxygen in this specimen, those 

elements dominated parts of the sample. The chemical composition of Mg-Al-Cl-LDH 

milled for 5h was determined by XRF and listed in Table 1. The result of XRF illustrates 

that the composition and structure of chlorine incorporated Hydrotalcites was very stable. 
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These findings are in good agreement with the standard and the results from the EDS 

measurement. 

Table 1 Chemical composition of Mg-Al-Cl-LDH obtained from XRF and EDS. 

 

Technique 
Mg  

mass (%) 

 Al  

mass (%) 

Cl 

 mass (%) 

Mg/Al 

(molar 

ratio) 

EDS 30.15 8.5 10.5 3.93 

XRF 32.71 9 10.65 4.03 

 

 

 

Fig. 16 EDS and elemental mapping analysis of 5h milled sample (Mg-Al-Cl-LDH). 

 

 

2.2.2.5. Thermogravimetric analysis  

Fig. 17 gives an overlay of the differential thermogravimetric analysis (DTGA) 

for 5h milled sample Mg0.8Al0.2(OH)2Cl0.2. The mass loss occurred at several stages in the 

DTGA curve. The first mass loss of about 6% occurred at 40–80°C which may be the 
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elimination of physically bound absorbed water and/or the dissociation some of hydrated 

reactants which were formed during milling or washing. The Second from 80°C to 

approximately 220°C, corresponding to a mass loss of 10.77% associated to the 

interlamellar water loss. The final decomposition phase from 220°C to 510°C with a 

mass loss of 25.6% attributed to the dihydroxylation of the LDH lamellae. From 510°C, 

there is a constant residual mass attributed to the formation of the magnesium and 

aluminum mixed oxide, corresponding to ~ 45% of the initial mass.  

 

Fig. 17 DTGA of 5h milled sample (Mg-Al-Cl-LDH) as a function of temperature. 

 

 

2.2.3. Conclusions 

A facile and more productive method was developed to prepare 

Mg0.8Al0.2(OH)2Cl0.2 by mechanochemistry method. The method produced mineral with 

similar characteristics to that obtained by co-precipitation and hydrothermal processes. 

Results demonstrated that the formation and structural features of Mg-Al-Cl-LDH were 

influenced significantly by milling time. The crystallite size, crystallinity, interlayer 

spacing and unit cell volume rose nonlinearly as milling time increased from 1 to 15h and 
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declined for longer milling time (20h). The lattice strain of the powders decreased 

gradually. The XRD and FTIR spectra confirmed that pure Mg0.8Al0.2(OH)2Cl0.2 was 

obtained at 5h milling without any trace of Brucite. Microscopic observations showed a 

hexagonal platelet structure containing small particles with a lateral dimension of 20-100 

nm. No other chemically stable contaminants were detected from XRF, and EDS. The 

DTGA data for the Mg-Al-Cl- LDH indicates three mass loss events during the thermal 

decomposition of the LDH. The mechanosynthesized Mg0.8Al0.2(OH)2Cl0.2 has the 

appropriate structural and morphological features of LDH. It is suitable for target 

delivery especially for gene delivery.
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2.3. Chloride intercalated hydrotalcite: mechanochemistry vs. hydrothermal  

The chloride intercalated Mg-Al layered double hydroxides (Mg-Al-Cl-LDH) 

with different degrees of ion substitution and chemical formula of Mg1-XAlX(OH)2 Cl−
X 

were successfully prepared by two methods; one-step mechanochemical activation and 

the hydrothermal method. For a comparative study of the mechanically activated samples 

versus hydrothermally treated specimens, the structural features such as crystallite size, 

lattice strain, crystallinity, the interlayer spacing, and the unit cell volume of samples 

were determined. Results revealed that the phase purity of products was strongly 

influenced by different ion substitution degrees (X=0.12, 0.18, 0.3, and 0.42). The unit 

cell volume and interlayer spacing of LDH obtained from both processes was also 

influenced by degrees of substitutions. Microscopic observations were also reported. 

Detailed analysis of the phase behavior and structural trends revealed that Mg-Al-Cl-

LDH can be synthesized more easily and rapidly in high energy ball mill as compared 

with LDH prepared by the hydrothermal method. The product obtained from 

hydrothermal method showed greater crystallinity.  

 

2.3.1. Materials and experimental procedure 

2.3.1.1. Mechanochemistry method 

 Magnesium chloride (99%), Aluminum chloride (99 %), and Sodium hydroxide 

pellets (97%) were purchased from ACROS and used as received. The mechanochemical 

activation was done in a high energy ball mill for 60 min using hardened chromium steel 

vials (vol. 65 ml) at room temperature. The weight ratio of ball-to-powder (BPR) was 

10:1. The designed degree of substitution of chloride was designated by the x value in the 
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general formula of Mg1-XAlX(OH)2 Cl−
X, where x values were chosen equal to 0.12, 0.18, 

0.3, and 0.42. The synthesized nanopowders were designated as M1, M2, M3, and M4, 

respectively. The target composition was adjusted according to the following general 

reaction (R4): 

(1-X)MgCl2 + XAlCl3 + 2NaOH → Mg(1-X)AlX (OH)2ClX + 2NaCl   (R4) 

The powders were washed three times with deionized water (20 ml) on a paper filter, and 

dried in an oven at 80°C for 1h.  

 

2.3.1.2. Hydrothermal method 

Mg-Al-Cl-LDH with different amount of ions substitutions (0.12, 0.18, 0.3, and 0.42) 

was prepared via hydrothermal technique according to the following recipe. The products 

were labeled as H1, H2, H3 and H4, respectively. The target composition was adjusted 

according to Table 2. Mg0.82Al0.18 (OH)2Cl0.18, for instance, had a formula of 1.8006 g of 

Aluminum chloride and 9.0256 g of Magnesium chloride. They were dissolved into 20 

mL of deionized water and stirred at ambient temperature. 8 g of NaOH was dissolved 

into 20 mL of deionized water until clear solution was obtained. The solution was put 

into a burette and allowed to drop into the Mg/Al solution until the pH reaches 10. The 

mixture was transferred to a Teflon lined stainless steel autoclave. The autoclave was 

heated with an electric oven to 120oC for 2h. The supernatant was filtered and washed 

three times with deionized water (20 ml). 
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Table 2 Details of solution components 

Series Degree of 

substitution 

Mg(1-X)AlX (OH)2ClX 

MgCl2 

(g) 

AlCl3 

(g) 

Phase composition Mg/Al 

H1 0.12 9.0256 1.8006 Mg0.88Al0.12 (OH)2Cl0.12 7.33 

H2 0.18 8.4102 2.7009 Mg0.82Al0.18 (OH)2Cl0.18 4.55 

H3 0.3 7.1794 4.5015 Mg0.7Al0.3 (OH)2Cl0.3 2.33 

H4 0.42 5.9487 6.3021 Mg0.58Al0.42 (OH)2Cl0.42 1.38 

 

 

2.3.2. Result and discussion  

2.3.2.1. XRD analysis  

The XRD patterns of Mg-Al-Cl-LDH with different amount of ions substitutions 

(X = 0.12, 0.18, 0.3, and 0.42) prepared by hydrothermal (H) and mechanochemistry (M) 

are exhibited in Fig. 18. There is a close structural similarity between the two compounds 

based on the nearly identical diffraction data. Fig. 18a shows the XRD profiles of 

hydrothermally treated samples. From these profiles, all the main peaks belonged to the 

characteristic peaks of HT (JCPDS#14-0191). At low Al substitution (X = 0.12), Brucite 

and HT co-exist. At high Al substitutions (X = 0.42) Gibbsite appears as an additional 

phase with HT. Pure HT was obtained in the midrange concentration (X = 0.18). HT is 

the dominant phase at X = 0.3, and a weak peak corresponding to Gibbsite still remains. 

Fig. 18b illustrates mechanosynthesized samples at four different ion replacements. 

Based on these patterns, all the characteristic peaks of HT are present. The phase 

identification of the milled samples is almost the same as the hydrothermal powders; 

however, the peak broadening increased as the ion contents increased.     
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Fig. 18 XRD profiles of samples as a function of ion contents degree (X) prepared by 

Hydrothermal (a) and Mechanochemistry methods (b). 

 

The intensity differentiation and the line broadening of XRD patterns in the range 

of 2θ =7° to 25°are shown in Fig. 19. For hydrothermally treated samples (Fig. 19a), with 

increasing ion substitution of 0.18 and 0.42 (H2, and H4), the intensities of HT peaks 

increased and the peaks became narrower, while it decreased significantly for H1and H3 

samples and the peaks broaden. The peaks corresponding to HT for H2 sample were 

shifted gradually toward higher d spacing which may due to changes in lattice 

parameters. Based on Fig. 19b, similar trend can be also observed for the milled samples; 

however, the peak intensity of HT became more intense for M2. The results suggest that 
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the product (Mg-Al-Cl-LDH) with ion replacement of 0.18 (H2, and M2) had greater 

phase purity. The products were produced successfully through hydrothermal and 

mechanochemistry methods. 

 

Fig. 19 XRD profiles along with the magnified regions between 2θ = 7°–25°for samples 

prepared by Hydrothermal (a) and Mechanochemistry methods (b). 

 

 

 3.3.2.1.1 Crystallite size and lattice strain 

The crystallite size (D), and lattice strain (η) of products synthesized by 

hydrothermal and mechanochemistry methods as a function of contour ion concentration 
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(X = 0.12, 0.18, 0.3, and 0.42) are shown in Fig. 20. According to the data calculated 

from equations II, the average crystallite sizes and lattice strains of HT from both 

processes were affected by different ion substitutions (Fig. 20a). The average crystallite 

size of specimens prepared hydrothermally was obtained in the range of 17.9±0.3 to 

20±0.2 nm (H1-H4) indicating nonlinear trends. The trend of lattice strain magnitude was 

upward as ion replacement increased from 0.12 to 0.3 (0.0006±0.00001 to 

0.0209±0.0002), while it decreased with additional substitution of 0.42 to 0.0089±0.0001. 

For the milled samples (Fig. 20b), the crystallite size increased in the range of 12±0.2 to 

18±0.4 nm, while it reached a maximum value of 17.9±0.2 nm in M2 sample (X = 0.18). 

The lattice strain values and it dropped considerably from 0.147±0.003 to 0.0125±0.0004 

% when ion replacement rose from 0. 12 (M1) to 0.18 (M2). These values increased for 

ion substitutions of 0.3 and 0.42. The average lattice strain is influenced by increasing ion 

replacements. It should be noted that the average rate of crystallite growth in 

hydrothermally treated samples is higher than in milled samples. This indicates that the 

product with higher crystallinity is obtained from the hydrothermal process as compared 

with milled samples. The crystallinity content will be discussed in more detail later.  
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Fig. 20 Crystallite size, and lattice strain of samples prepared by Hydrothermal (a) and 

Mechanochemistry methods (b) as a variation of different ion contents (X). 

 

 3.3.2.1.2. Crystallinity degree (Xc) 

Fig. 21 shows the FWHM values at different Bragg angles for hydrothermal and 

milled samples. The FWHM values demonstrated anisotropic line broadening. This may 

be caused by three factors: the presence of stacking faults, the existence of dislocations 

and none equivalence of the grain sizes along different crystallographic directions [22]. 

Anisotropic line broadening in this work was presumably the result of grain size 

anisotropy. The FWHM values of three different ion substitutions (X = 0.18, 0.3, and 

0.42) are exhibited in Fig. 21a, b and c, respectively. The average values of FWHM in 

milled specimens as a function of contour ion concentration are greater than the 
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hydrothermally prepared materials. This outcome is good agreement with the calculated 

results of crystallite size of both processes. The greater crystallite size belongs to lower 

FWHM values.  

 

Fig. 21 FWHM of milled (M) and hydrothermally (H) treated samples at three different 

ion contents (X): (a) X=0.18, (b) X=0.3, and (c) X=0.42. 

 

 For further evaluation of the structural features, the degree of crystallinity of the 

powders was calculated from the following equation (VI) [50]:  
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𝑋𝐶 = 1 − (
𝑉015/009

𝐼009
)         (VI) 

where 𝑋𝐶 is the crystallinity degree, 𝐼009 is the intensity of (009) plane, and 𝑉015/009 is 

the minimum between (015) plane at 2θ = 39.13 and (009) plane at 2θ = 34.73. In Fig. 

22, the fraction of crystalline phase of hydrothermally prepared samples is almost twice 

the milled samples. Based on Fig. 22, increasing the ion content (X) from 0.18 to 0.42 in 

hydrothermal samples (H2-H4) decreased, the crystallinity from 83±4 to 74±3%, 

respectively. This downward trend was also obtained in the milled samples. The decrease 

was 38±2% in X = 0.18 (M2) to a minimum of 16±1%, at X = 0.42 (M4). Results 

demonstrated that higher crystalline phase can be produced through the hydrothermal 

method.  

 

Fig. 22 Crystallinity degree of samples prepared by Hydrothermal (H), and 

Mechanochemistry (M) methods as a variation of ion contents (X). 

 

 

 3.3.2.1.3. Lattice parameters and interlayer space  

  To confirm the formation of HT, the lattice parameters were calculated form 

equation (IV) and compared with standard values. Fig. 23 exhibits the a-axis, c-axis 
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values, and unit cell volume of HT as a function of three different ion contents (0.18, 0.3, 

and 0.42). Based on the standard data (STD) of HT, a-axis and c-axis values were 3.07Å, 

and 23.23Å, respectively. Compared with the data calculated from equation IV, the a–

axis and c–axis values for hydrothermal (Fig. 23a) and milled samples (Fig. 23b) were 

different. It shows an overall descending trend as ion content (X) increased from 0.18 to 

0.42. Chloride intercalated LDH led to small changes in the a–axis and c–axis as 

compared with conventional HT. According to Fig. 23c, increasing X content from 0.18 

to 0.42 resulted in unit cell volumes of the hydrothermal and milled samples decreasing 

from 196.89±0.01 to 184.94±0.02 Å3 and 192.7±0.02 to 185.6±0.0 Å3, respectively. 

From the data, it is clear that the disparities in the values for unit cell volume resulted 

from growths in the c constant, rather than from the a parameter.  

 

Fig. 23 lattice constants of hydrothermal specimens (a), mechanochemical samples (b), 

and Unit cell volume of specimens (c) prepared by Hydrothermal (H), and 

Mechanochemistry (M) methods as a variation of ion contents (X). 

 

The shrinkage of unit cell volume can also be attributed to more substitution of chloride 

in HT structure. The structural features of the mechanosynthesized and hydrothermally 

treated Mg-Al-Cl-LDH were affected strongly by ion replacements.  

 Fig. 24 contains a plot of basal plane d-spacing as a function of ion substitution 

(X = 0.18, 0.3, and 0.42) and a comparison study of mechanochemical activation and 

hydrothermal methods. The interlayer spacing of the Brucite like structure is influenced 

by ion contents (X). It declined from 7.949±0.001 Å to 7.745±0.002 Å for milled samples 
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(M2-M4). The values for hydrothermal specimens (H2, H3) decreased from 7.895±0.001 

Å to 7.752±0.002 Å, and increased to 7.797±0.002 Å as ion content increased to 0.42 

(H4). The reduction of interlayer spacing in higher ion contents is likely due to the 

shrinkage of the basal space by the removal of water. This basal spacing is very sensitive 

to the type of anion in the gallery.  

 

Fig. 24 Interlayer spacing of specimens prepared by Hydrothermal (H), and 

Mechanochemistry (M) methods as a function of ion contents degree(X). 

 

 

Fig. 25 (a,b) FESEM and (c) TEM images of hydrothermal sample (H2), (d,e) FESEM 

and (f) TEM images of milled sample (M2). 
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2.3.2.2. Morphological characterization  

 The FESEM and TEM images of the synthesized powders with ion replacement 

of 0.18 (H2, and M2) are shown in Fig. 25. Fig. 25a illustrates that the LDH powders 

possess a typical platelet microstructure which are assembled with numerous interlaced 

curved nanoplates. The enlarged FESEM image in Fig. 25b indicates the detailed 

morphologies of the LDH nanopowders. They are a compact, homogeneous and well-

crystallized nanostructure. In Fig. 25c, the hydrothermal nanopowders (H2) is composed 

of a layered structure with a mean particle size of about 40 nm. As can be seen in Fig. 

25d, the milled nanoparticles (M2) exhibit a tendency to agglomerate due to their large 

surface to volume ratio. Precise examination at higher magnification demonstrates that 

each agglomerate comprises of many fine round particles with platelet morphology (Fig. 

25e). The TEM image of the milled sample indicates a laminar structure which is 

characteristic for hydrotalcite mineral and the stacking of the layers. The ill-defined 

crystallite structures of the milled sample demonstrate agglomerations of the crystallites. 

The average particle size of 30 nm for M2 by TEM is smaller than the 40 nm for H2. The 

average lateral particle sizes from TEM are significantly bigger than the crystallite sizes 

extracted from the XRD profiles. XRD only probes the size of the crystalline domains of 

the agglomerated particles. The results are in good accordance with the literature [51].   
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Fig. 26 EDS spectra of (a) hydrothermal sample (H2), and (b) milled sample (M2). 

 

 The chemical composition of hydrothermal treated and milled samples (H2, and 

M2) were measured by EDS analysis. Typical profiles have been selected and presented 

in Fig. 26. To provide more accurate results, the EDS analysis wasrecorded over three 

different points on the hydrothermal (Fig. 26a), and milled samples (Fig. 26b). The main 

components of both samples were oxygen, magnesium, aluminum, and chlorine. 

Contamination from excessive wear of vials and balls was absent. The average amount of 

magnesium and aluminum present on the hydrothermal sample (H2) was calculated to be 

32.41 and 9.92 mass %, respectively. The value for milled sample (M2) was 32.77 and 

8.94 mass %, respectively. The mole ratio of magnesium to aluminum was 3.62, and 4.07 

for H2 and M2, respectively. This was lower than the theoretical mole ratio (4.55). The 

similarity of the recorded data over three different points on both samples indicates a 

homogenous microstructure.  

 

http://www.sciencedirect.com.libproxy.txstate.edu/science/article/pii/S0272884214008852#f0040
http://www.sciencedirect.com.libproxy.txstate.edu/science/article/pii/S0272884214008852#f0040
http://www.sciencedirect.com.libproxy.txstate.edu/science/article/pii/S0272884214008852#f0040
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2.3.3. Conclusions 

 This research section provides a comparative study of structural parameters for 

chloride intercalated HT as a function of contour ion concentration prepared by MC and 

hydrothermal methods. The two methods prepared a product with similar structural 

characteristics. The formation and structural features of Mg-Al-Cl-LDH were influenced 

by contour ion concentrations (0.12, 0.18, 0.3, and 0.42). Based on the phase analysis, 

chloride intercalated HT with appropriate purity was formed in the midrange contour ion 

concentration. The interlayer spacing of HT obtained from both procedures decreased as 

the ion content increased. Microscopic evaluations showed platelet structures of Mg-Al-

Cl-LDH samples with greater mean particle size for the hydrothermal samples when 

compared with the milled ones. The product with high crystallinity degree was obtained 

from the hydrothermal method. This product can be used as a promising LDH for 

biomedical application especially for gene delivery. Mechanochemistry as a facile and 

simple method can be utilized for the mass production of Mg-Al-Cl-LDH with an 

acceptable crystalline phase. 
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2.4. Sulfate intercalated hydrotalcite  

Sulfate intercalated Mg-Al layered double hydroxides (Mg-Al-SO4-LDH) was 

successfully prepared by the one step mechanochemical activation method. From phase 

analysis, product with high purity was obtained after 60 min milling. Results 

demonstrated that the structural features of Mg-Al- SO4-LDH were affected by milling 

time (30-900 min). Microscopic observations and elemental analysis are reported in this 

part.  

 

2.4.1. Materials and experimental procedure 

Magnesium chloride (99 %, ACROS), Aluminum chloride (99 %, ACROS), 

Sodium hydroxide pellets (97%, ACROS), and Sodium sulfate (Merck) were purchased 

and used without further purification. To synthesize Mg0.8Al0.2(OH)2 (SO4)0.1, the desired 

amounts (2 g) of MgCl2, AlCl3, Na2SO4 and NaOH were milled at different milling times 

(30, 60, 300, 600, and 900 min) in a high energy ball mill utilizing hardened chromium 

steel vials under air atmosphere. The weight ratio of ball-to-powder (BPR) was 10:1. The 

powders were washed three times with deionized water (20 ml) on a paper filter, and 

were dried in an oven at 80°C for 1h. The final composition was adjusted according to 

the following reaction (R4): 

0.8MgCl2 + 0.2AlCl3 + 0.1Na2SO4 + 2NaOH → Mg0.8Al0.2(OH)2(SO4)0.1 +2.2NaCl (R4) 
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2.4.2. Result and discussion  

2.4.2.1. XRD analysis 

 Fig. 27 presents the XRD patterns, interlayer spacing (d), lattice constants (a, and 

c), and unit cell volume of the samples as a function of milling time (30-900 min). Based 

on Fig. 27a, the main products of 30 min milling were Brucite and HT. The presence of 

Brucite indicates that the mechanochemical reaction was not completed. Brucite content 

almost vanished with increasing of milling time up 60 min when a pure phase 

composition of sulfate intercalated HT was formed. This trend continued for the 300 min 

milled specimen with slight increase in peaks intensity of HT and a partial trace of 

Periclase (MgO). HT decomposed slightly as the milling time increased. Further increase 

in the milling time up to 900 min led to further sharpening of the diffraction peaks of 

Periclase, which is believed to be the result of more decomposition of HT. All sharp 

peaks corresponding to sulfate intercalated HT were shifted gradually toward lower d 

spacing owing to the rise of the unit cell volume of HT and the presence of sulfate ions 

instead of carbonate ions. The interlayer spacing (d) of milled samples was determined by 

averaging the basal peaks according to the equation (I). Based on Fig 27b, the basal 

spacing between layers of Mg0.8Al0.2(OH)2 (SO4)0.1was influenced by milling time so that 

it increased from 7.828±0.001 to 7.942±0.002 Å (30-600 min) and decreased to 

7.878±0.001 for the 900 milled sample. The change from tetrahedral SO4
2– to trigonal 

planar CO3
2– contributes to this expansion. The lattice parameters (a, and c) have been 

calculated from the equation (IV) for two Miller’s planes of (003) and (110). The unit cell 

volume of samples was computed using the equation (V). 
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Fig. 27 (a) XRD patterns, (b) interlayer spacing, (c) lattice parameters and (d) the unit 

cell volume of the milled samples as a function of milling time (30-900 min). 

 

 Fig. 27c and d exhibits the lattice constants and unit cell volume of milled 

nanopowders as a function of milling time. From the standard data of HT (JCPDF#14-

0191), a-axis values were 3.07Å, and c-axis values were 23.23Å, respectively. The 

comparison study of the data indicates that the a–axis and c–axis values were different. It 

shows an overall upward trend for milled samples with some fluctuation as milling time 

increased (30-900 min). According to Fig. 27d, the unit cell volumes of the milled 

powders increased slowly from 190.32±0.01 to 196.22±0.02 (Å3) as milling time rose 

(30-600 min) and declined to 193.48±0.02 Å3 for the 900 min milled sample. The 
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differences in values for unit cell volume resulted from increase in the c axis values, 

rather than the a axis. This could be attributed to the change a tetrahedral arrangement of 

sulfate ion compared to trigonal planar configuration of carbonated ion. The structural 

features of the mechanosynthesized Mg-Al-SO4-LDH were affected by the milling time.    

 

2.4.2.2. FT-IR analysis 

 The FT-IR spectra of samples as a variation of milling time were displayed in Fig. 

28. The spectrum of 30 min milled sample exhibited a narrow weak band corresponding 

to the stretching vibrations of Brucite (3700 cm−1), a broad Hydroxyl band (ν2) at 3475 

cm−1, a weak water band at 1636 cm−1, and two bands at 556 and 448 cm−1 (due to metal-

oxygen bond in the Brucite like lattice) [52]. Two weak bands at around 2920 and 2852 

cm−1 (the shoulder of graph) were possibly owing to the hydrogen bonded (OH) 

stretching of intercalated water molecule [53]. The absorption bands at around 1383 (ν3), 

870 (ν2), and 631 cm−1 (ν4) shows the stretching vibration of CO3
2, which is owing to the 

absorption of CO2 from the air [54]. The FTIR spectra of Mg-Al-SO4-LDH at 1066 cm−1 

were attributed to the bending mode of interlayer sulfate ions [53]. With increasing of 

milling time up to 60 min, the Brucite band completely disappeared indicating the 

reaction of magnesium hydroxide with the other reagents. This supported the results 

obtained from XRD data.  
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Fig. 28 FT-IR spectra of milled specimens (Mg-Al-SO4-LDH) as a variation of milling 

time; (a) 30, (b) 60, (c) 300, (d) 600, and (e) 900 min. 

 

2.4.2.3. Morphological characterization   

 The FESEM and TEM images of 60 min milled sample (Mg0.8Al0.2(OH)2 (SO4)0.1) 

are shown in Fig. 29. According to Fig. 29a, the product had a rounded platelet structure 

composed of several fine particles. Pursuant their relatively large specific surface area of 

particles, the product had high tendency to agglomeration. During milling, the system 

included one ductile constituent (NaOH) and three brittle components (Na2SO4, MgCl2 

and AlCl3). Sodium chloride was formed owing to the hygroscopic nature of Halite, and 

followed by the formation of a ductile–brittle system. With continuous milling, both 

ductile and brittle particles got further refined and the interlamellar spacing dropped. 

Ultimately, product with the layered structure was developed when equilibrium between 

fracturing brittle particles by trapping and ductile constituents by work hardening was 

established. From EDS spectrum of 60 min milled specimen, the main elements were 
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oxygen, magnesium, aluminum, carbon, and sulfur. In addition, no other stable 

contaminants were recorded. Based on TEM image in Fig. 29b, smaller particles were 

mostly rounded platelet shape with a mean size of around 50-100 nm.  

 

Fig. 29 Morphological features of 60 min milled sample (Mg-Al-SO4-LDH): (a) FE–

SEM image & EDS spectrum and (b) TEM image. 

 

2.4.2.4. Thermogravimetric analysis 

 Fig. 30 displays the differential thermogravimetric analysis (DTGA) disclosing 

the degradation mechanism under the recording conditions for 60 min milled sample 

(Mg0.8Al0.2(OH)2 (SO4)0.1). As reflected in DTGA trend, the thermal decomposition 

process covers two stages, which were ascribed to processes like the structural 

dehydroxylation, and the removal of the interlayer anions. The first mass loss of ~ 2.9% 

occurred between around 133°C and 215°C which may be contributed to the elimination 

of the interlamellar water but not high enough for the removal of the carbonate anions or 

hydroxyl groups. From approximately 215°C to 514°C, the second mass loss was the 

largest occurring at 388°C accounting for 31.7%, which associated to the interlayer 

anions loss. In this stage, decarbonation and dehydroxylation were proposed to have been 
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removed. It is worthy to note that the conventional HTs having carbonate anions had a 

decomposition temperature of 310°C [55]. However, the growth in decomposition 

temperature may demonstrate that sulfate anions have been successfully intercalated in 

LDH. From 514°C, there is a constant residual mass associated to the formation of the 

magnesium and aluminum oxide, corresponding to ~ 40% of the initial mass.  

 

Fig. 30 DTGA of 60 min milled sample as a function of temperature. 

 

 

2.4.3. Conclusions 

 In this report, one-step mechanochemical synthesis of Mg-Al-SO4-LDH was 

investigated. Results showed that the structural features of product affected strongly by 

milling time (30-900 min) so that the interlayer space of resulting solid was expanded as 

milling time increased. Based XRD and FTIR spectra, a pure phase composition of 

sulfate intercalated HT was formed after 60 min milling. Microscopic observations 

showed a rounded platelet structure of product containing small particles with mean 

lateral size of 50-100 nm. Based on the DTGA data of Mg-Al- SO4-LDH, two mass loss 
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characteristics events of the thermal decomposition of the LDH were observed which 

indicates that sulfate anions have been successfully intercalated in LDH structure. 

Finally, the mechanosynthesized Mg-Al-SO4-LDH with nanosized particles can be useful 

as a carrier and reservoir for target delivery and water treatment.
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3. HYDROCALUMITE  

 Hexagonal-shaped hydrocalumite (Ca/Al Layered Double Hydroxide: Ca-Al-

LDH) with proper crystallinity and purity was successfully synthesized by one-step 

mechanochemistry method within only 30 min. The structural features and morphological 

characteristics of milled powders have been investigated for a variety of milling times 

and ion substitutions. Products were characterized by XRD, FTIR, FESEM, EDS, XRF, 

TEM, and elemental mapping analysis. The Rietveld refinement of milled samples for 

different ion substitutions has been conducted and reported here. Detailed study of this 

phase behavior and structural trends was also scrutinized. Microscopic observations 

illustrated the hexagonal platelet-like shape of hydrocalumite powders with lateral 

dimension of 100 to 200 nm. Moreover, the thermal decomposition details of Ca/Al-Cl-

LDH were reported. 

  

3.1. Experimental procedure 

 Calcium chloride (99 %, Sigma-Aldrich), Aluminum chloride (99 %, ACROS), 

and Sodium hydroxide pellets (97%, ACROS), were purchased and used without further 

purification. To prepare Ca-Al-LDH, the desired amounts of CaCl2, AlCl3, and NaOH 

were milled at different milling times (30, 60, 180, and 300 min) in a high energy ball 

mill using hardened chromium steel vials under air atmosphere. The weight ratio of ball-

to-powder (BPR) for all specimens was 10:1. The powders were washed three times with 

deionized water (20 ml) on a paper filter, and then were dried under oven at 60°C for 1h. 

The samples milled at different milling time were labeled as S1, S2, S3, and S4, 
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respectively. The final composition for different milling time was adjusted according to 

the following reaction (R5): 

0.8CaCl2 + 0.2AlCl3 + 2NaOH → Ca0.8Al0.2(OH)2(Cl)0.2 +2NaCl   (R5) 

 The designed degree of substitution of chlorine was designated by the x value in 

the general formula of Ca1-XAlX(OH)2 Cl−
X, where x values were chosen equal to 0.1, 

0.15, 0.2, 0.25, 0.3, 0.35, and 0.4, so the milled nanopowders were labeled as S11, S22, 

S33, S44, S55, S66, and S77, respectively. Thus, the final composition for diverse ion 

substitutions was adjusted based on the following general reaction (R6): 

(1-X)CaCl2 + XAlCl3 + 2NaOH → Ca(1-X)AlX (OH)2ClX + 2NaCl   (R6) 

The specimens were scanned from 5 to 75 degrees 2θ at a step size of 0.03 

degrees. The XRD spectra were compared to standards compiled by the Joint Committee 

on Powder Diffraction and Standards (JCPDS) involving card #31-0245 for 

Hydrocalumite. The structural refinements were carried out in the angular range 5–75 

(2θ) using the Reflex module in Materials Studio, version 6.0, by Accelrys. In the 

Rietveld algorithm [56], the parameters being refined were optimized in order to 

minimize the weighted profile R factor Rwp (R7): 

𝑅𝑤𝑝 = √∑ 𝑤𝑖 |𝐼𝑜𝑏𝑠(𝜃𝑖) − 𝐼𝑐𝑎𝑙(𝜃𝑖)|2
𝑖 √∑ 𝑤𝑖 |𝐼𝑜𝑏𝑠(𝜃𝑖)|2

𝑖⁄        (R7) 

Where 𝑤𝑖 =  1 𝐼𝑜𝑏𝑠(𝜃𝑖)⁄ . 
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Fig. 31 XRD patterns of specimens (Ca-Al-LDH) milled at different milling time (30=S1, 

60=S2, 180=S3, and 300=S4). 
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3.2. Result and discussion  

3.2.1. XRD analysis 

3.2.1.1. Effect of milling time 

 Fig. 31 shows the XRD profiles of samples as a function of milling time (30, 60, 

180, and 300). HC displayed peaks corresponding to (200), (004), (112), (020), and (3̅16) 

crystal plane. Based on Fig. 31, the main product of 30 min milling was in excellent 

agreement with the standard HC. With increasing of milling time up 60 min, a well-

crystallized Ca-Al-LDH with higher peaks intensity was formed. This trend continued for 

the 180 min milled specimen with slight decrease in peaks intensity of HC. Further 

increase in the milling time up to 300 min led to further decrease of the dominant peaks 

particularly for (002) plane. As is evident from the magnified 3D XRD profiles (2θ = 5–

35°) in Fig. 32, with increasing milling time, both sharpness and intensity of the LDH-

derived XRD peaks decreased and shifted towards larger d spacings (i.e. lower 2θ). This 

effects could be explained on the basis of mechanically induced amorphization, which 

was accompanied by a significant change in lattice imperfections.   

 

Fig. 32 The magnified 3D XRD profiles (2θ = 5–35) of samples (S1, S2, S3, and S4). 
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 Based on Fig 33, the basal spacing between layers of Ca-Al-LDH was strongly 

influenced by milling time so that it declined from 7.991±0.001 (S1) to 7.833±0.002 (S2) 

and then rose to 7.975±0.001 and 8.04±0.001 for S3 and S4, respectively. The presence 

of trigonal planar carbonate ion in interlamellar space instead of chloride ion may also 

contributes to this expansion [57]. This shows that the finding of optimum milling time to 

obtain carbonate free HC is essential.  

 

Fig. 33 The interlayer spacing of specimens (Ca-Al-LDH) milled at different milling time 

(S1, S2, S3, and S4). 

 

3.2.1.2. Effect of ion substitution 

 Fig. 34 shows the XRD patterns of milled samples (Ca-Al-LDH) with various 

amount of ion substitutions (S11, S22, S33, S44, S55, S66, and S77). The diffractogram 

was assessed with Philips X’Pert High Score software to search for the phases of milled 

samples. As can be seen, there is a close structural similarity between all the samples 

from the nearly identical diffraction patterns, which can be corroborated the substitution 

of Ca2+ by Al3+ in the HC lattice and Cl¯ in interlamellar space. Based on these profiles,  
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Fig. 34 XRD patterns of Ca-Al-LDH with various ion substitutions (S1=0.1, S2=0.15, 

S3=0.2, S4=0.25, S5=0.3, S6=0.35, and S7=0.4). 
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all the main peaks belonged to the characteristic peaks of Ca-Al-LDH. The main 

representing peaks of HC powders are as follows: (0 0 2) plane at 2θ = 11.38°, (0 0 4) 

plane at 2θ = 22.88°, (1 1 2) plane at 2θ = 23.63°, (0 2 0) plane at 2θ = 31.33°, (3̅16) 

plane at 2θ = 39.08°, (2̅ 0 8) plane at 2θ = 42.77°, (2̅ 2 8) plane at 2θ = 53.95°, and (0 1 

9) plane at 2θ = 55.62°. At low Al substitutions (S11 and S22) portlandite (calcium 

hydroxide) and HC co-exist, while at very high Al substitutions (S66 and S77) Gibbsite 

appears as additional phase with HC. A small peak at around 2θ = 29.37° corresponding 

to calcite were found as a by-product in all samples except in midrange (S33). The 

presence of calcite in high and low Al replacements can be attributed to the absorption of 

atmospheric carbon dioxide during the milling stage. In this case, the high intensity of the 

strongest peak ascribed to calcite [(1 0 4) plane] serves as proof that there is an 

incompleteness substitution due to the intrinsic structural constrains of HC. It has been 

demonstrated that calcite as secondary phase was dominant along with HC prepared via 

other procedures such as microwave [9], self-dissolved re-precipitation [58], and co-

precipitation [59] processes. However, the absence of calcite in midrange can be a 

promising candidate for production of pure Ca-Al-LDH via mechanochemistry method.  

Fig. 35 presents the basal spacing of milled samples as a function of ion 

substitutions. As is evident from Fig. 35, the basal spacing between layers of Ca-Al-LDH 

was strongly influenced by ion replacements (X) so that it shows a slight ascending trend 

from low ion substitution 7.955±0.001 (S11) to high ion replacement 7.991±0.002 (S77) 

with a reduction in midrange 7.833±0.001 (S33), which is close to standard value 

7.771±0.001 (STD). This expansion at high ion contents may also contributes to the 

presence of trigonal planar carbonate ion in interlamellar space along with chloride ion as 
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the peak intensity of calcite was also sharpened [57]. This indicates the significance of 

finding optimum ion substitutions in HC structure.  

 

Fig. 35 The interlayer spacing of Ca-Al-LDH as function of ion substitutions. 

 

3.2.1.3. Rietveld Refinement  

 The structural refinements were executed by the Rietveld method using Materials 

Studio as well as Crystallography Open Database (COD). Peak shapes were modeled on a 

Thompson-Cox-Hastings distribution, and an asymmetry parameter was refined. All the 

parameters were fixed according to the literature values, and they were all refined 

subsequently during the successive refinement cycles. Fig. 36 illustrates the experimental 

and refined XRD patterns of milled samples (S11-S77). The “+” red marks represent the 

measured diffraction data (Experimental). The blue solid curves indicate the calculated 

diffraction data (Simulated) and the green vertical lines display the positions of the 

simulated diffraction patterns. The black solid line denotes the deviation between the  

http://www.sciencedirect.com.libproxy.txstate.edu/science/article/pii/S1359645416306632#fig4
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Fig. 36 Rietveld refinement plots of Ca-Al-LDH as function of ion substitutions.  
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measured and calculated values. After refining all necessary parameters with sufficient 

cycles, each peak indicates a good fit as reflected by small difference between calculated 

and experimental spectra. There is no impurity phase in midrange sample (S33) 

indicating a good single-phase of Ca-Al-LDH. All data related to profile R-factor (Rp) 

and weighted profile R-factor Rwp are presented in Table 3. The values of R factors are 

found to be large. Similar high values of R factors for the nanostructured materials have 

been reported by the former studies [60]. This effect is owing to the large ratio of surface 

to volume atoms. Indeed, the diffuse scattering becomes significant at the nanoscale 

while Bragg scattering gets diminished, which leads to decline in crystallinity and large R 

factors [61]. 

Table 3. R factors obtained from the Rietveld refinement of Ca-Al-LDH. 

Sample Ion (X)  Rwp Rp 

S11 0.1  19.23 13.56 

S22 0.15  16.43 11.87 

S33 0.2  10.49 7.94 

S44 0.25  13.35 9.84 

S55 0.3  11.02 7.48 

S66 0.35  16.34 10.99 

S77 0.4  12.86 10.08 

 

Fig. 37 illustrates the refined lattice constants and unit cell volume for samples 

S11, S22, S33, S44, S55, S66 and S77 based on the XRD-Rietveld analysis. Fig. 37a 

shows the variation of the a-axis and c-axis parameters of the HC phase with ion 

substitutions. From the standard data of HC, a-axis, and c-axis values were 9.853Å, and 

16.898 Å, respectively. The comparison study of those data reveals that the a–axis and c–

axis values were different; however, it shows an overall slight descending trend as ion 



 

64 

 

contents (X) increased from 0.1 to 0.4. Note that b-axis values from XRD-Rietveld 

analysis have been obtained around ~5.76±0.04 Å for all samples, which was close to 

standard one 5.72 Å. The unit cell volume of milled samples can be calculated using the 

following equation (VII) [62]: 

𝑉 = (𝑎𝑏𝑐)𝑠𝑖𝑛𝛽         (VII) 

According to Fig. 37b, with increasing of X content from 0.1 to 0.4, the unit cell volume 

of milled samples decreased gradually from 913.12±0.01 Å3 for S11 to 897.63±0.02 Å3 

for S77, respectively. It is clear that the differences in values of unit cell volume resulted 

mainly from increases in the c–axis values, rather than a–axis values. These findings 

demonstrate that the structural characteristics of the mechanosynthesized Ca-Al-LDH 

were affected considerably by ion substitutions. 

 

Fig. 37 The refined lattice constants (a) and unit cell volumes (b) of Ca-Al-LDH as a 

variation of ion substitution. 

 

3.2.2. FTIR analysis 

3.2.2.1. Effect of milling time  

 Fig. 38 displays the FT-IR spectra of samples as a function of milling time. The 

spectrum of 30 min milled sample exhibited two bands corresponding to the stretching 

vibrations of AlO–H at 3640 cm−1, and a Hydroxyl band (ν2) at 3492 cm−1 present in the 
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inorganic main layers. From 3350 to 3650 cm−1, the OH stretching vibrations of water 

can be observed as a broad band. Two weak bands at around 2918 and 2843 cm−1 (the 

shoulder of graph) were possibly owing to the hydrogen bonded (OH) stretching of 

intercalated water molecule [63]. A weak water band at 1636 cm−1 came from 

deformation vibration of water molecule [52]. The absorption bands at around 1422 (ν3), 

and 873 (ν2), shows the stretching vibration of CO3
2, which is owing to the absorption of 

CO2 from the air [64]. The band below 800 cm−1 were attributed to M–O vibrations (M = 

Ca or Al). Moreover, the bands at 786 and 710 cm−1 correspond to the characteristic 

vibrations of hydrotalcite [65]. The results demonstrate that the milling time affected 

intensity and the broadening bands supporting outcomes obtained from XRD profiles.  

 

Fig. 38 FT-IR spectra of milled specimens (S1, S2, S3, and S4) 
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Fig. 39 FT-IR spectra of Ca-Al-LDH as variation of ion substitutions (S11=0.1, 

S22=0.15, S33=0.2, S44=0.25, S55=0.3, S66=0.35, and S77=0.4). 

 

3.2.2.2. Effect of ion substitution  

 The FT-IR spectra of samples as a variation of ion substitution are displayed in 

Fig. 39. From all spectra, the representing bands of HC were recognized in all cases. The 

characteristic bands for AlO–H and Hydroxyl band (ν2) appeared at 3640 cm−1 and 3490 

cm−1, respectively. The OH stretching vibrations of water can be also observed as a broad 

band from 3350 to 3650 cm−1. Moreover, a weak water band at 1640 cm−1 can be resulted 

from deformation vibration of water molecule [52]. The symmetric stretching modes of 
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CO3
2 were observed at around 1422 cm−1 (ν3), and 874 cm−1 (ν2) confirming the 

absorption of CO2 from the atmosphere during milling process [64]. The results were 

good agreement with XRD data. The band around 800 cm−1 was associated to M–O 

vibrations (M = Ca or Al). Besides, the characteristic vibration bands of anionic layered 

double hydroxide can be detected at 874 and 787 cm−1 [65]. The results demonstrate that 

the various ion contents impacted the intensity and broadening bands as well.  

 

3.2.3. Morphological characterization 

 The FESEM and TEM images of 60 min milled sample Ca-Al-LDH are shown in 

Fig. 40. From Fig. 40a, the product shows a hexagonal platelet structure composed of 

some fine particles. The relatively large specific surface area of the particles, resulted in 

the product having high tendency to agglomeration. This phenomenon commonly occurs 

in a three-step processes namely; Rittinger, aggregation, and agglomeration stage [66]. It 

is most likely that the mechanochemical reactions and structural changes mainly occur at 

the last stage owing to chemical bonding of fine particles [57]. The mechanics for MC of 

HC may involve first forming a lamellar structure of the two metals (Ca, and Al), that on 

continued milling, become finer and finer, and finally alloying occurs via diffusion. 

Based on TEM image in Fig. 40b, a well-shaped layered structure with the lateral 

dimension of 100-200 nm can be observed. The morphology obtained by this method is 

similar to the other procedures that prepared through co-precipitation and hydrothermal 

methods [59]. 
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 Fig. 40 Morphological features and chemical composition of 60 min milled 

sample (Ca-Al-LDH): (a) FE–SEM, (b) TEM images. 
 

 Fig. 40c and d exhibit EDS and XRF spectra of 60 min milled sample. From the 

obtained data, the main components of the sample were oxygen, calcium, aluminum, and 

chlorine. Since sodium chloride was the only by-product of milled sample, and was 

washed from the sample, no other chemically stable contaminants were found. The total 

amount of calcium and aluminum present in Ca-Al-LDH from both techniques were 

detected similarly, which are comparable with the accepted values. The mole ratio of 

calcium to aluminum was also achieved 5.91 by EDS and 5.93 by XRF, which were very 

close to actual mole ratio (5.94). The results illustrate that the composition and structure 
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of chlorine incorporated Hydrocalumite were also very stable. Fig. 41 shows elemental 

mapping analysis of 60 min milled sample (Ca-Al-LDH). An appropriate spatial 

distribution of elements (Ca, Al, O, and Cl) was detected in elemental mapping images, 

indicating the formation of a homogenous microstructure after 60 min of milling. 

 

Fig. 41 The elemental mapping analysis of 60 min milled sample (Ca-Al-LDH). 

 

3.2.4. Thermogravimetric analysis  

 Fig. 42 shows the differential thermogravimetric analysis (DTGA) of 60 min 

milled sample (Ca-Al-LDH) disclosing the degradation mechanism under the recording 

conditions from room temperature to 800°C. Based on DTGA graph, the thermal 

decomposition process covers three stages, which were ascribed to processes like 

elimination of physisorbed water, the structural dehydroxylation, and the removal of the 

interlayer anions. The first mass loss of 4.35% occurred between around 53°C and 159°C 

which may be contributed to the elimination of physically bound absorbed water and/or 

the dissociation some of hydrated reactants, which was formed during milling or washing 
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process. The second region from 159°C to approximately 370°C, corresponding to a mass 

loss of 12.3% associated to the interlamellar water loss. The final and largest 

decomposition phase from 370°C to 751°C with a mass loss of 25.7% attributed to the 

total anion decomposition and dehydroxylation of the HC lamellae, which is bonded 

mostly with Ca2+ [Ca–(OH)–Ca] and [Al–(OH)–Ca]. It is worthy to note that the 

conventional LDH having carbonate anions had a decomposition temperature of 310°C 

[55]. However, the reduction in decomposition temperature (~ 258°C) may demonstrate 

that chloride anions have been successfully intercalated in LDH. From 751°C and above, 

there is a constant residual mass associated to the formation of the calcium and aluminum 

oxide, corresponding to ~ 42.35% of the initial mass.  

 

Fig. 42 DTGA of 60 min milled sample (Ca-Al-LDH) as a function of temperature. 
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3.3. Conclusions 

Rapid synthesis of mechanically induced hydrocalumite was investigated in this research 

section. Results showed that the structural characteristics of product affected strongly by 

milling time and ion substitutions. Based upon XRD and FTIR spectra, a pure phase 

composition of Ca-Al-LDH was formed after 30 min milling, however the product of 60 

min milling showed higher crystallinity. Additionally, a pure phase composition of Ca-

Al-LDH was formed at midrange (X=0.2). Microscopic observations displayed a 

hexagonal platelet structure of product containing fine particles with lateral dimension of 

100-200 nm. From EDS and XRF spectra, no other chemically stable impurities were 

detected. From TGA data, three mass loss characteristics events of the thermal 

decomposition of Ca-Al-LDH were observed demonstrating the successful chloride 

intercalation in LDH structure. Finally, this rapid synthesis method improved the 

production efficiency of hydrocalumite, and could be applied in various industries.  
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4. TALC 

 In this chapter, the synthesis of talc using wet and dry mechanochemistry was 

investigated. Furthermore, the effect of subsequent autoclave treatment on the milled 

samples was also evaluated. The structural features and morphological characteristics of 

milled powders have been studied for a variety of milling times and different conditions. 

Products were characterized by XRD, FTIR, FESEM, EDS, TEM, and DTGA. Detailed 

study of the phase behavior and structural trends were also scrutinized. Moreover, the 

thermal decomposition details of talc were examined and reported. 

 

4.1. Experimental procedure  

 Magnesium hydroxide (99 %, Sigma-Aldrich), and silica gel (99 %, Sigma-

Aldrich), were purchased and used without further purification. To prepare Talc, the 

desired amounts of Mg(OH)2, silica gel, and certain amount of water were milled at 

different milling times (0.5, 1, 5, and 10h) in a high energy ball mill using hardened 

chromium steel vials under air atmosphere. The weight ratio of ball-to-powder (BPR) for 

all specimens was 10:1. In order to take advantage of hydrothermal process in mechanical 

activator, water was used and the water to mixture (water and powders) ratio was kept 

around 0.286. An optimal ratio is one part of water per four parts of the mixture [67]. The 

samples milled at different milling time were labeled as T1 (0.5h), T2 (1h), T3 (5h), and 

T4 (10h), respectively. The final composition for different milling time was adjusted 

based on the following reaction (R8): 

3Mg(OH)2 + 4SiO2 → Mg3Si4O10(OH)2 + 2H2O ∆𝐺298
° = +65.65 kJ/mol (R8) 



 

73 

 

 The certain amount of milled powders (0.5 g) for all samples was suspended in 15 

ml deionized water and stirred in 50 ml beaker for about 10 min under constant vigorous 

stirring using a magnetic stirrer. Then, the slurry was poured in autoclave chamber (25 ml 

volume) and was kept in oven at 260°C for 12h. Finally, the slurry was poured on a paper 

filter, and then were dried under oven at 60°C for 1h. So the autoclaved products were 

labeled as T11, T22, T33, and T44, respectively.  

 

4.2. Result and Discussion  

4.2.1. XRD analysis 

 The Gibbs free energy change of R8 was calculated as +65.65 (kJ/mol) at the 

standard conditions (298.15 K and l atm) indicating a nonspontaneous process. This 

means that an outside action should introduce energy to drive the process. Thus, the 

above reaction hardly occurs unless both compounds are composed of very fine particles 

and form an ideal state of solid solution [68]. Therefore, talc is known to be synthesized 

by only a hydrothermal method, which required very high temperature and/or pressure 

[69].  

 Fig. 43 shows the XRD patterns of the mixtures milled for 10h with water (wet 

grinding), and without water (dry grinding). Based on dry grinding XRD profile, there are 

a large amorphous hump of silica and two small crystalline peaks corresponding to Fe 

due to excessive wear of balls and vials. This indicates that all compounds in the sample 

have transformed into amorphous or glassy phase after grinding for 10h. However, when 

a certain amount of water was added in the starting mixture, the peaks representative of 

talc have appeared. This indicates that high pressure and temperature may exist in a vial 
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and assist the mechanochemical activation process. It is interesting to note that the dry 

milling of brittle components like silicon does not raise the temperature [44]. In addition, 

the peaks related to Fe were not detected through wet grinding. The analogous results of 

wet grinding of hydrated calcium silicates were also obtained and reported [70]. 

 

Fig. 43 XRD patterns of the 10h milled mixtures with (wet) and without water (dry). 

 

 

 Fig. 44 displays the XRD profiles of mixtures milled for different times, with the 

weight rate of water kept at 0.286. Peaks of amorphous silica evidenced by the broad 

XRD baseline hump at about 25° 2θ, and brucite are detected in the patterns of the 

mixtures milled over 0.5h. The peak intensity of brucite was found to decline with 

increasing grinding time from 0.5 to 1h. This suggests that the amount of brucite 

decreases as grinding is progressing. With increasing milling time to 10h, the XRD 

patterns of brucite disappeared, and a poorly crystalline talc appeared confirming the 

formation of talc by a mechanochemical reaction. Thus, controlling of milling time at 

about 10h is a very important key to synthesize talc mechanochemically. 
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Fig. 44 XRD patterns of the mixtures as a function of milling time: T1 (0.5h), T2 (1h), T3 

(5h), and T4 (10h).  

 

 

Fig. 45 XRD patterns of the different milled powders followed by autoclave treatment 

mixtures at 260°C for 12h: T11 (0.5h), T22 (1h), T33 (5h), and T44 (10h). 
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Fig. 45 presents the XRD patterns of different milled samples followed by autoclave 

treatment for 12h at 260°C. As evident from this figure, hydrothermal condition led to 

growth in crystallinity, and finally talc with appropriate crystallinity was obtained for all 

different milled samples. Note that the intensity and sharpness of peaks increased as 

compared with the peak intensity of ground powders before autoclave treatment. 

Moreover, the peak intensity of autoclaved specimens dropped slightly from T11 to T44, 

which could be associated to the reduction in particle sizes. The samples synthesized 

under MC and autoclave conditions exhibit the 02l-11l at 19.67° (2θ), 003 at 28.3° (2θ), 

and 06l-33l at 60.5° (2θ) reflections characteristic of a talc structure [71]. However, 00l 

reflections of talc were almost nonexistent, which was also reported for the synthetic talc 

prepared hydrothermally [72]. Finally, poorly crystalline talc can be produced via one 

step wet mechanochemistry method, while product with greater crystallinity can be 

obtained by an autoclave process step following the grinding. The findings propose a 

method to synthesis of talc with high purity and acceptable crystallinity, which reduces 

the hydrothermal treatment step from months to hours, and eliminates the preparation 

step of a talc precursors before hydrothermal synthesis [69]. 

 

4.2.2. FTIR analysis 

 The FT-IR spectra of samples as a variation of milling time (T1:1h, T2:5h, and 

T3:10h) are displayed in Fig. 46. It can be seen that all spectra illustrate strong or very 

strong absorption near 3433, 1635, 1018, 620, and 467 cm−1. Bands shown near 3680, 

1442, 1384, and 920 cm−1, however, are weak or absent in some samples. The structural 

hydroxyl group and the interlayer water of all samples have stretching vibrations between 
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3000 and 3700 cm−1. The bands in the region of 900–1100 cm−1 were recognized as Si-O 

stretching motions with tetrahedral SiO4 groups [41], and those in the 600–700 cm−1 

region belong to OH librations, which are accompanied by weak Si-O bending vibrations 

[73]. Based on Fig. 46, The spectra of T2 sample shows relatively little chemical 

interaction between silica gel and brucite due to the presence of brucite bands at 3762, 

and 3695 cm−1. With increasing milling time (T3, and T4), the band at 3762 was vanished 

and a new absorption band at around 3675 cm−1 was appeared which is 20 cm−1 lower 

than the corresponding band of brucite [74], indicating the formation of talc via wet MC 

method. A broad peak at 3433 cm−1 can be attributed to the stretching modes of adsorbed 

water in talc [74]. Moreover, a weak water band at 1635 cm−1 can be resulted from 

deformation vibration of water molecule [52]. The bands range at 2200-2400 cm−1, and 

2800-3000 cm−1 are from KBr [75]. The symmetric stretching modes of CO3
2 were also 

observed at around 1422 cm−1 (ν3), and 1384 cm−1 (ν2) confirming the absorption of CO2 

from the atmosphere during milling process [64]. The band near 1116 cm−1 in T2 sample 

is due to the stretching vibrations of the silicon-apical oxygen units in silica gel, which 

are perpendicular to the layer sheets [76]. The weak absorption band at 903 cm−1 in the 

T3 and T4 samples may also be attributed to the interlayer Si-OH group of layered 

magnesium silicate hydrate. There is a shifting band from 620 cm−1 in T2 to 640 cm−1 in 

T3, and T4, demonstrating the talc structure [74]. Thus, the FTIR spectra of specimens 

milled for longer times (T3 and T4) confirm the formation of talc as supported previously 

by XRD results.  

 Fig. 47 presents the FTIR spectra of different milled samples followed by 

autoclave treatment for 12h at 260° (T11, T22, T33, and T44). The spectra of all 
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specimens were similar to each other, resembling the spectrum of talc [77]. By applying 

autoclave treatment on the milled samples, the adsorption bands owing to four 

coordinated silica changed to the band of layer structure talc, e.g., the band at 620 cm−1 

shifted towards 670 cm−1, indicating the talc structure [74]. Since the Si-O vibration 

might be greatly affected by particle size, the adsorption band at 1105 cm−1 was vanished 

for T44 sample as a longer milling time (10h) has been applied. However, the O-H 

stretching vibrations should not be significantly impacted by particle size due to a weak 

coupling between adjacent hydroxyl groups [74]. The absence of bands at around 1422 

cm−1 (ν3), and 1384 cm−1 (ν2) demonstrates a layer structure of talc without trace of any 

carbonate ions. 

 

Fig. 46 The FT-IR spectra of samples as a variation of milling time (T1:1h, T2:5h, and 

T3:10h). 
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Fig. 47 FTIR spectra of the different milled powders followed by autoclave treatment 

mixtures at 260°C for 12h: T11 (0.5h), T22 (1h), T33 (5h), and T44 (10h). 

 

4.2.3. Morphological characterization  

 Fig. 48 displays the FESEM images of sample milled for 5h. As can be seen, the 

agglomerates containing very fine particles formed after 5 h of milling. The SEM 

micrograph indicated that the mean size of agglomerates was in the range of 0.5–2 μm, 

however, the distribution range of the agglomerates was not identical. The occurrence of 

agglomerations may be associated to the coalescence of fine agglomerates/particles under 

mechanical activation [78]. From the close-up section, a pseudo-hexagonal platelet 

structure with the lateral dimension of around 300-500 nm long and 300 nm width can be 
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observed. This confirms the formation of clay structure through wet MC means. It is 

worthy to note that natural talc forms aggregate of layers [79]. 

 

Fig. 48 FESEM image of sample milled for 5h.  

 

 The FESEM images of talc produced after 5h milling and subsequent autoclave 

treatment at 260°C for 12h (T33) are depicted in Fig. 49. The morphology of synthetic 

talc particles was very distinct as evident from Fig. 49. The shape seemed to be flaky and 

wavy. The length of one particle ranged between 500 and 700 nm, and the thickness was 

around 15 nm. It should be mentioned that the natural talc had a flaky and straight shape 

[79]. The particle sizes of the autoclaved sample were much larger than those of the talc 

particles produced mechanochemically. Thus, the morphology and sizes of the ground 
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particles containing talc particles are considerably different from those of the autoclaved 

sample. 

 

Fig. 49 FESEM images of talc produced after 5h milling and subsequent autoclave 

treatment at 260°C for 12h (T33). 

 

 Fig. 50 shows the TEM image of talc prepared after 5h milling and following 

autoclave treatment at 260°C for 12h (T33). It can be seen that a flaky structure and the 

polygonal (pseudo-hexagonal) platelet structure co-exist. The lateral length of polygonal 

particles did not exceed 1 μm and the thickness was around 15 nm. The TEM micrograph 

supports the morphology shown in FESEM. The morphology obtained by this method is 

similar to the other procedures that prepared talc through co-precipitation after one year 

[80], and hydrothermal methods [81]. 
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Fig. 50 TEM micrograph of talc prepared after 5h milling and following autoclave 

treatment at 260°C for 12h (T33). 

 

 Fig. 51 exhibit EDS spectrum of talc produced after 5h milling and following 

autoclave treatment at 260°C for 12h (T33). From the obtained data, the main 

components of the sample were oxygen, magnesium, silicon, and carbon. The EDS result 

demonstrates the purity of final composition of talc with no other chemically stable 

impurities. The total amount of magnesium and silicon present in talc was comparable 

with the accepted values. Based on the average value of three points from EDS data, the 

mole ratio of magnesium to silicon was obtained 0.79, which was very close to actual 

mole ratio (0.75), indicating the formation of a homogenous microstructure after 5h 

milling and 12h autoclave treatment. 
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Fig. 51 EDS spectrum of talc produced after 5h milling and following autoclave 

treatment at 260°C for 12h (T33). 

 

4.2.4. Thermogravimetric analysis 

 Fig. 52 shows the differential thermogravimetric analysis (DTGA) of 5h milled 

sample followed by autoclave treatment mixtures at 260°C for 12h (T33). From room 

temperature to 800 °C, inflections cover thermal continuous degradation with three 

different mass losses; 25–100, 150–250, and 450–650 °C. The TGA analysis of T33 

exhibits a total mass loss similar to natural talc; however, its main loss occurs at 59.4 °C 

much before natural talc temperature 485 °C, which associates to the decomposition of  
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Fig. 52 DTGA graph of 5h milled sample followed by autoclave treatment at 260°C for 

12h (T33). 

 

calcite and chlorite impurities exist in the talc layers. It should be note that the full 

degradation of natural talc appears above 850 °C [79]. Based on Fig. 52, the first mass 

loss of 13.9% (25–100 °C) was contributed to the elimination of physisorbed water. The 

synthetic talc from our method (MC and subsequent autoclave treatment) show a great 

water loss due to hydrophilic behavior of synthetic talc related to more hydroxyl groups 

on the layer edges, consequently trapping water molecules. Nevertheless, the natural talc 

layers are longer and overlap at the edges indicating hydrophobic nature [81]. The second 

and smallest decomposition mass loss of 2.1% from 150°C to approximately 250°C was 

attributed to the interlayered water loss, which may be based on the loss of magnesium 

hydroxides (Mg–OH) on the sheet edges and silanols (Si–OH) [81]. The final 
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decomposition from 450 °C to 650 °C with a mass loss of 6.6% attributed to the 

dehydroxylation of talc lamellae, which is a lower thermal stability of our new synthetic 

talc compared to the natural talc (950 °C). The total mass loss at 800 °C was about 

22.6%. The thermal stability difference can be explained by thinner particles in the case 

of synthetic talc prepared in this research [82]. The TGA result of talc using our new 

method is comparable with the hydrothermally treated ones [81, 83].  

 

4.3. Conclusions  

 This research part presents that poorly crystalline talc can be produced 

successfully via one step wet mechanochemistry method, while talc with greater 

crystallinity can be obtained by the following autoclave process. Based on phase analysis, 

the FTIR spectra of specimens milled for longer times e.g. 5h (T3) and 10h (T4) confirm 

the formation of talc as supported previously by XRD results. Moreover, the FTIR 

spectra of different milled samples followed by autoclave treatment demonstrates a layer 

structure of talc without trace of any carbonate ions. From microscopic observations, talc 

produced mechanochemically shows agglomeration including a pseudo-hexagonal 

platelet structure with the lateral dimension of around 300-500 nm long and 300 nm 

width. While, talc formed through autoclaving assisted mechanochemistry displays a 

delaminated and flaky structure containing the polygonal (pseudo-hexagonal) platelet 

structure with larger particle sizes indicating crystal growth. DTGA analysis shows the 

thermal continuous degradation with three different mass losses exhibiting a total mass 

loss similar to natural talc. 
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5. PYROPHYLLITE – HALOYSITE  

 In this chapter, the preparation of Pyrophyllite (PP) and Haloysite (HS) using wet 

mechanochemistry and subsequent autoclave processes was investigated. To achieve this 

goal, two distinct reactions were designed. The structural features and morphological 

characteristics of samples have been studied for different conditions. Products were then 

characterized by XRD, FTIR, FESEM, EDS, TEM, and DTGA. Detailed study of the 

phase behavior and structural trends was also studied. Moreover, the thermal 

decomposition details of both final products were examined and reported. 

 

5.1. Experimental procedure  

 Aluminum hydroxide (99 %, ACROS), and silica gel (99 %, Sigma-Aldrich), 

were purchased and used as received. To prepare Pyrophyllite (PP) and Haloysite (HS), 

the desired amounts of Al(OH)3, silica gel, and certain amount of water were milled for 

5h in a high energy ball mill using hardened chromium steel vials under air atmosphere. 

The excess water was used to take advantage of hydrothermal process in mechanical 

activator, so the water to mixture (water and powders) ratio was considered around 0.286. 

The weight ratio of ball-to-powder (BPR) for all specimens was 10:1. The final 

composition for PP and HS was adjusted based on the following reactions (R9), and 

(R10), respectively:  

2Al(OH)3 + 4SiO2 → Al2Si4O10(OH)2 + 2H2O ∆𝐺298
° = 4.58 kJ/mol  (R9) 

2Al(OH)3 + 2SiO2 → Al2Si2O5(OH)4 + H2O  ∆𝐺298
° = 4.8 kJ/mol  (R10) 

 The 0.5 g of milled powders of each reaction was then poured in 15 ml deionized 

water and stirred in 50 ml beaker for about 10 min under constant vigorous stirring using 
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a magnetic stirrer. Then, the slurry was placed in autoclave chamber (25 ml volume) and 

was put in an oven at 260°C for 24h. Finally, the slurry was poured on a paper filter, and 

then were dried under oven at 60°C for 1h. So the product produced after 5h milling and 

autoclaving for Pyrophyllite and Haloysite were labeled as K1, K2, K3 and K4, 

respectively. 

 

5.2. Result and Discussion  

5.2.1. XRD analysis 

 Fig. 53 shows the XRD profiles of milled and autoclaved samples for Pyrophyllite 

(K1, K3) and Haloysite (K2, K4), respectively. With the aid of the JCPDS X-ray powder 

data files, the phase identification disclosed the broad XRD baseline hump of silica and 

several sharp peaks of brucite for milled samples (K1, and K2). However, the intensity of 

brucite peaks for PP sample was greater than HS as expected according to equation (R9). 

By applying autoclave treatment on the milled samples (K3, K4), the formation of 

kaolinite as the main product of reactions (R9) and (R10) was obtained, however the 

trace of PP and HS peaks can be also observed, which were overlapped by some KAO 

peaks. This indicates that the synthesis of PP and HS via one step MC method cannot be 

achieved solely, and subsequent autoclave treatment led to the KAO formation with 

appropriate crystallinity. The XRD results were in good agreement with former studies, 

where KAO were precipitated hydrothermally at different temperature for a time periods 

varying from 6 h to 60 days [84]. The basal spacing of K3 and K4 were obtained as 

follow: 7.15Å at 12.37°, and 7.14Å at 12.39°, respectively. The obtained basal spacing 

confirms the presence of KAO as a major phase, which is close to standard value (7Å) 
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[85], However, Wilson et al. [86] reported ~7.2Å as a basal spacing value for 

Metahalloysite. It should be noted that the chemical formula of KAO and HS are the 

same, and the XRD patterns of both are similar in most angles, hence final identification 

of those phases needs to be determined through other characterization techniques such as 

electron microscopy. The employment of MC and hydrothermal methods to synthesis of 

aluminosilicate may also be of great interest in industrial applications, which decreases 

the preparation time of synthetic clays through hydrothermal treatment means [87, 88].  

 

 
 Fig. 53 XRD patterns: Pyrophyllite; MC (K1), autoclave assisted MC (K3), 

Haloysite; MC (K2), autoclave assisted MC (K4). 
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5.2.2. FTIR analysis 

 Fig. 54 displays the FTIR spectra of different milled samples followed by 

autoclave treatment for 24h at 260° (K3, and K4). The spectra of both specimens were 

similar to each other, resembling the spectrum of layer structure aluminum silicate [89]. 

The spectra in the 3400-3750 cm−1 region were recognized as the hydroxyl stretching 

region for the series of kaolinite and haloysite minerals. The band at 3626 cm−1 has been 

  

 

Fig. 54 FTIR spectra of PP (K3) and HS (K4) samples milled for 5h followed by 

autoclave treatment for 24h at 260 °C. 

 

assigned to the coupled inner surface hydroxyl, while the presence of band at 3686 cm−1 

has been attributed to an uncoupled inner surface hydroxyl [90]. The two bands at around 

3626, and 3686 cm−1 were assigned for Haloysite. The OH stretching vibrations of water 

can be also observed at the band at 3440 cm−1. This band was also credited as a bond 

between a basal hydroxyl of one sheet and the "puckered" oxygen of the next sheet [91]. 
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Moreover, a weak water band at 1634 cm−1 can be resulted from deformation vibration of 

water molecule [52]. The absorption bands centered at 1101 cm−1, and 1041 cm−1 are 

assigned to Si-O stretching vibrations [92]. Additionally, the band at 920 cm−1 is also 

corresponding to Al-OH bending vibrations of HS for both sample, however, in KAO this 

band has a shoulder at 938 cm−1 [89], which can be observed in K3 (as evident from 

close-up). The band at 788 cm−1 was recognized as Si-O-Si inter tetrahedral bridging 

bonds in silica [93]. Moreover, the two bands at 543 cm−1 and 472 cm−1 correspond to Si-

O bending vibrations, which are analogous for pyrophyllite [94]. Therefore, the results 

may suggest a KAO structure for K3, and HS structure for K4, however high-defect KAO 

and HS exhibit very similar IR spectra [89].  

 

5.2.3. Morphological characterization  

 The FESEM images of sample (K3) milled for 5h milling and autoclave treated 

for 24h at 260°C are depicted in Figs. 55. As evident form Fig. 55, the morphology of K3 

powders seemed to be flaky, which may be seen growing from the edges of the plates. 

The similar morphology was also reported for KAO synthesized by other methods e.g. 

hydrothermal process [95, 96]. Such an arrangement proposes that authigenic KAO 

grows at distinct temperature through the aggregation of very fine particles including 

positively charged edge surfaces, and negatively charged basal surfaces. The length of 

platy particles ranged between 500 nm and 1 m, and the thickness was around 13 nm. 

Figs. 56 presents the TEM image of sample K3. A well-defined delaminated flakes 

structure in a pseudo-hexagonal form was evidenced by TEM micrograph. The individual 

flaky crystal displays different lateral dimensions ranged from 200 nm to 600 nm. 
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 Figs. 57 shows the FESEM micrographs of sample (K4) milled for 5h followed by 

autoclave treatment for 24h at 260°C. From a lower magnification, a flower-shaped platy 

structure including ribbons can be observed. From the close-up section, some partially 

rolled plates was entirely recognizable, while the particles showed the signs of layer 

folding. The partially rolled platy layers did not exceed 1 μm in length, and the thickness  

 

 

Figs. 55 FESEM images of K3 milled for 5h and autoclave treated for 24h at 260°C. 
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Figs. 56 TEM image of K3 milled for 5h and autoclave treated for 24h at 260°C. 

 

was around 10 nm. The difference in FESEM morphology between K3 and K4 would be 

ascribed to the amount of initial reagents used in which gibbsite for K4 was consumed in 

double based on the reaction (R10) as compared with K3 (R9). Although, the flaky 

morphology of K3 in Figs. 55 was representative of KAO crystal structure, the partially 

rolled plates can be also attributed to the KAO [97]. It should be noted that HS has a 

nanotabular morphology, whereas short tubes and spheroids can also be associated to HS 

[89]. Therefore, the morphology obtained for K4 might not be assigned to HS. TEM 

image in Figs. 58 further discloses that the flower-like hierarchical assemblies had 

numerous nanoribbon (~ 500 nm long), and ultrathin nanosheets extending outwards 

from the center of microstructure. 
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Figs. 57 FESEM images of K4 milled for 5h and autoclave treated for 24h at 260°C. 

  

 

Fig. 58 TEM image of K4 milled for 5h and autoclave treated for 24h at 260°C.  
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5.2.4. Thermogravimetric analysis 

 The differential thermogravimetric analysis (DTGA) of samples milled for 5h 

followed by autoclave treatment for 24h at 260 °C (K3, and K4) are portrayed in Figs. 59 

and 60. It can be seen that there are two mass losses during heating of both samples. The 

first mass loss appears between 50 to 100 °C, and 25 to 65 °C for K3 and K4, 

respectively. The mass losses of 4.24% (K3) and 1.96% (K4) are recognized as the 

elimination of adsorbed water (surface and interlayer) [98]. The second and largest mass  

losses of 9.62% (300-500 °C), and 11.9% (300-600 °C) occur in K3 and K4, respectively, 

which corresponding to structural dehydroxylation, and the removal of octahedral 

hydroxyl groups [94]. It has been reported [99] that the well-ordered KAO has broad 

 

 

Fig. 59 DTGA of K3 milled for 5h followed by autoclave treatment for 24h at 260 °C. 
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endotherms, as indicated in Fig. 59. Note that the peak centered at around 436 °C in K3 

was reported for KAO [100]. The endothermic peak centered at 460 °C in K4 is 

equivalent to the data reported for HS [89], suggesting HS formation based on our 

method. The total mass losses for K3 and K4 at 800 °C were about 13.86%. 

 

 

Fig. 60 DTGA of K4 milled for 5h followed by autoclave treatment for 24h at 260 °C. 

 

5.3. Conclusions  

 This research aims at producing PP and HS based on two distinct reactions. 

According to the phase analyses, high crystalline KAO with two different morphologies 

was formed after milling and autoclaving processes. In simple terms, the synthesis of PP 
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and HS via one step MC method cannot be achieved solely, and subsequent autoclave 

treatment instead led to the KAO formation with appropriate crystallinity. FTIR results 

suggest a KAO structure for K3, and HS structure for K4, respectively, however high-

defect KAO and HS exhibit very similar IR spectra. The electron microscope 

micrographs disclose that a well-defined delaminated flakes structure in a pseudo-

hexagonal form was obtained for K3 sample, while, a flower-shaped platy structure 

including ribbons was formed for K4 sample. The DTGA curves reveal that there are two 

mass losses during heating of both samples. The DTGA graph of K3 sample was 

assigned to KAO, while graph of K4 was equivalent to the data reported for HS.  
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6. MONTMORILLONITE   

 This chapter introduces the synthesis of Montmorillonite (MMT) using wet 

mechanochemistry and following autoclave process. The structural features and 

morphological characteristics of powders have been studied for a variety of milling times 

and different autoclave time. Products were characterized by XRD, FTIR, FESEM, EDS, 

TEM, and DTGA. Detailed study of the phase behavior and structural trends was also 

scrutinized. Additionally, the thermal decomposition details of MMT were studied and 

reported here. 

 

6.1. Experimental procedure  

 Reagents used in this research part were Magnesium hydroxide (99 %, Sigma-

Aldrich), Aluminum hydroxide (98 %, ACROS), Sodium Hydroxide (Sigma-Aldrich), 

and silica gel (99 %, Sigma-Aldrich). The mixture (2 g) of Brucite, gibbsite, silica gel, 

and sodium hydroxide was put into the mill pot with certain amount of water (0.8 ml) and 

milled at different milling times (5 and 10h) in a high energy ball mill (Vibratory mill). 

An optimal ratio of water to mixture (water and powders) was kept 0.286 [67]. The 

presence of excess amount of water would provide a hydrothermal condition along with 

mechanical activation. For all specimens, the weight ratio of ball-to-powder (BPR) was 

10:1. The final composition for different milling time was adjusted following the reaction 

(R11): 

1.67Al(OH)3 + 0.33Mg(OH)2 + 4SiO2 + 0.33NaOH →  Na0.33(Al1.67Mg0.33)Si4O10(OH)2 + 

2H2O           (R11) 
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 A slurry containing 0.5 g of milled sample and 15 ml deionized water were stirred 

in 50 ml beaker for 10 min under constant vigorous stirring using a magnetic stirrer. 

Then, the slurry was poured in autoclave chamber (25 ml volume) and was kept in an 

oven at 260°C for different times (24, 48, 72, and 96h). Finally, the slurry was poured on 

a paper filter, and then were dried under oven at 60°C for 1h. So the sample milled for 

10h, and autoclaved for various times were labeled as M1(24h), M2 (48h), M3 (72h), and 

M4 (96h). 

 

6.2. Result and Discussion  

6.2.1. XRD analysis 

 Fig. 61 shows the XRD patterns of the mixtures ground for two milling times (5 

and 10h). Based on wet grinding XRD profiles, it can be observed a broad amorphous 

hump of silica and sharp peaks of gibbsite after 5h milling treatment. Moreover, the 

peaks representative of sodium hydroxide and brucite were not detected owing to lower 

concentration. With increasing the milling time to 10h, a large amorphous hump and two 

small crystalline peaks corresponding to Fe contamination due to excessive wear of balls 

and vials were detected. The absence of gibbsite after 10h confirmed that an amorphous 

solid solution containing silica, gibbsite, brucite, and sodium hydroxide was formed. 

 In order to synthesis of MMT, an autoclave treatment was applied on the milled 

powders at temperature of 260 °C, at time period varying from 24h (M1), 48h (M2), 72h 

(M30), and 96h (M4). The diffraction patterns of autoclaved powders were illustrated in 

Fig. 62. As evident from this figure, a single phase of MMT was obtained for all samples, 

as evidenced by the position of the characteristic reflection peaks at 4–8°, 12.3°, 19.8°,  
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Fig. 61 XRD patterns of the mixtures grounded for two milling times (5 and 10h). 

 

25.2°, 35.3°, 38.3°, and 60.2°. This indicates that the amorphous solid solution has been 

transformed into crystalline MMT phase. The reflection at angles 4–8° (d001) is 

characterized by basal space between the silicon-oxygen layers in the MMT sample [42]. 

At lower temperature (M1), a crystalline MMT phase with a broad reflection peak at 

angels 4–8° was obtained. The broadening of the reflection peak (001) can be associated 

with a reduction in the size of coherent scattering regions, which is perpendicular to the 

layer plane [101], with a loss of periodicity along axis c [102, 103], low dimension of 

particles, irregularity of packing of packages (lamellae), insufficient degree of 

crystallinity [42], and insufficient time of autoclaving. A MMT phase with higher 

crystallinity was obtained at longer autoclaving time period particularly for M3 sample, 

clearly indicating a reflection d001 with higher intensity. With increasing of autoclaving 

duration for 96h (M4), a lower crystalline MMT phase was obtained. A close-up section 

of diffractions at angles 4–8° (d001) is visible in Fig. 62. The basal spacings were obtained 
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as follow;13 Å at 6.82° (M1), 14.58 Å at 6.06° (M2), 15.96 Å at 5.54 (M3), and 15.11 Å 

at 5.84° (M4). This demonstrates a small shifting peaks toward higher d space 

particularly for M3 sample. This changes can be related to the enhancing degree of 

substitution of magnesium atoms for aluminum. This shows that the duration of 

autoclaving for 72h works best to prepare a high crystalline MMT. The XRD profile of 

MMT obtained via this process is comparable with product of hydrothermal method [42].  

 

Fig. 62 XRD patterns of autoclaved powders as a variation of time: 24h (M1), 48h (M2), 

72h (M30), and 96h (M4).   
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Fig. 63 FTIR spectra of MMT milled for 10h followed by autoclave treatment at 260° for 

different times: 24h (M1), 48h (M2), 72h (M30), and 96h (M4).  

 

6.2.2. FTIR analysis 

 FTIR spectra of milled powders for 10h followed by autoclave treatment at 260° 

for different times varied from 24h to 96h (M1, M2, M3, and M4) are shown in Fig. 63. 

The bands at around 3639 cm−1 and 3445 cm−1 are associated with the stretching 

modes of Si–OH and OH groups of interlayer water, respectively [104], and the bending 

vibrations of adsorbed water in the interlayer can be also seen at 1637 cm−1 [105]. The 

band at 1043 cm−1 and its shoulder peak at 1110 cm−1 are ascribed to Si–O and Si–O–Si, 

respectively. Note that the strong peak at around 1043, 926, 885, and 790 cm−1 (Al-O 

bending) are characteristic vibrations of MMT clay [106, 107], which are evident in all 

samples. In the region of the spectrum under 1000 cm−1, the peaks are ascribed to some 
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small lattice absorption bands, which can be attributed to the Si–O–Al and Mg–O 

stretching modes at 529 cm−1, and 469 cm−1, respectively. The Mg–O and Al–O 

stretching vibrations are associated to structural tetrahedral and octahedral absorption 

bands in MMT, respectively [105]. As can be seen, a new band was also appeared at 618 

cm−1, which could be due to the formation of isolated broken octahedral layer filled with 

divalent Mg cations indicating their trioctahedral character [108]. From the FTIR spectra, 

all the bands corresponding to MMT are evident in all autoclave times, demonstrating the 

formation of MMT with no trace of carbonate ions and appropriate purity.    

 

6.2.3. Morphological characterization  

 The FESEM images of MMT (M3) produced after 10h milling and subsequent 

autoclave treatment at 260°C for 72h are depicted in Fig. 64. The morphology of 

synthetic MMT particles appears in the form of microlayers twisted in a rose-shaped 

platy structure. It should be mentioned that the average pore diameters were around 1m. 

The size distribution of particles was homogenous. The pore and particle size obtained 

through our method are much bigger than ones obtained via hydrothermal means [42].   

This characteristic provides a great potential to synthesis of new nanocomposites for 

many applications. 
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Fig. 64 FESEM images of MMT (M3) produced after 10h milling and subsequent 

autoclave treatment at 260°C for 72h.  

 

 Fig. 65 presents the TEM images of MMT (M3) prepared after 10h milling and 

subsequent autoclave treatment at 260°C for 72h. From the lower magnification, it can be 

seen the typical lamellar structure of MMT in a sheet on-sheet manner, showing the 

flexibility of these clay platelets and high aspect ratio [109]. As revealed by the high 

magnification figure, the MMT lamellae with an average size about 500 nm to 1m long 

and 10–20 nm thick can be readily observed. Note that the initial milling not only did not 

destroy the platelet structure, but also cause to increase the particle size of MMT after 
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hydrothermal treatment. This can be of great interest in synthesis of clay based 

nanocomposite coating for oxygen barrier application.  

 

Fig. 65 TEM images of MMT (M3) prepared after 10h milling and subsequent autoclave 

treatment at 260°C for 72h. 

 

 Fig. 66 exhibits the EDS spectrum of MMT (M3) produced after 10h milling and 

subsequent autoclave treatment at 260°C for 72h. Based on the obtained data, the main 

components of the sample were oxygen, sodium, magnesium, aluminum, silicon, and 

carbon, confirming the presence of all elements in MMT. The EDS result validates the 

purity of final composition of MMT without trace of chemically stable impurities. From 

the average values of three points, the total amount of sodium, magnesium, aluminum, 

and silicon present in MMT were 2.08%, 2.45%, 13.73%, and 29.64%, which were close 

and comparable with the accepted values (Na:2.07%, Mg:2.18%, Al:12.28%, and 

Si:30.61%), respectively. This indicates the formation of a homogenous microstructure of 

MMT produced by wet MC and following autoclave treatment.  
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Fig. 66 EDS spectrum of MMT (M3) produced after 10h milling and subsequent 

autoclave treatment at 260°C for 72h. 

 

6.2.4. Thermogravimetric analysis 

 The differential thermogravimetric analysis (DTGA) of sample milled for 10h 

followed by autoclave treatment for 72h at 260 °C (M3) is displayed in Fig. 67. It can be 

observed that there are three mass losses during heating of MMT sample. The first and 

greatest mass loss of 17.35% centered at 55.4 °C (25–100 °C) is attributed to the 

elimination of adsorbed water (surface and interlayer) [98], and the surface property 

transformation of montmorillonite from hydrophilic to hydrophobic [110]. The second 
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mass loss of around 2.5% was obtained between 400 and 550 °C centered at 484.3 °C, 

which corresponding to the interlayer water loss of MMT in the specimen. The final 

decomposition from 550 °C to 700 °C with a mass loss of 1.88% is attributed to the 

dehydroxylation or release of structural hydroxyl (OH) of MMT [111]. The total mass 

loss at 800 °C was about 21.73%. The all mass losses particularly the last one centered at 

620.5 °C is equivalent to MMT prepared through hydrothermal means [110]. In this 

research, the thermal degradation behavior from TGA analysis proposes successful 

formation of MMT via our new method. 

 

Fig. 67 DTGA curve of sample milled for 10h and followed by autoclave treatment for 

72h at 260 °C (M33).  
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6.3. Conclusions  

 This research presents an overview of MMT production through solid state 

method. Based on phase analyses, an amorphous solid solution was obtained after 10h 

milling, and by applying subsequent autoclave treatment on the milled powders, high 

crystalline MMT was appeared. This indicates that the amorphous solid solution has been 

transformed into crystalline MMT phase. A MMT phase with higher crystallinity was 

obtained at longer autoclaving time period 72h (M3), clearly indicating a reflection d001 

with higher intensity. From the EDS and FTIR spectra, all the bands corresponding to 

MMT are evident in all autoclave times, demonstrating the formation of MMT with no 

trace of carbonate ions and appropriate purity. The morphology of synthetic MMT 

particles appears in the form of microlayers twisted in a rose-shaped platy structure with 

an average size about 500 nm to 1m long and 10–20 nm thick. The thermal degradation 

behavior from DTGA analysis presented three mass losses, and proposed successful 

formation of MMT via our new method. MMT with better morphological characteristics 

having greater particles sizes provides a great potential to synthesis of new 

nanocomposites for many applications.  
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7. HECTORITE   

 In this chapter, the production of Hectorite (HEC) using wet mechanochemistry 

method was investigated. Besides, the effect of subsequent autoclave treatment on the 

milled samples was evaluated. The structural characteristics and morphological features 

of products have been studied for different milling times and conditions. Specimens were 

also characterized by XRD, FTIR, FESEM, EDS, TEM, and DTGA. The phase behavior 

and structural trends was also scrutinized in details. Likewise, the thermal decomposition 

details of HEC were examined and reported. 

 

7.1. Experimental procedure  

 Hectorite synthesis started with wet mixing the powders (2 g) including 

Magnesium hydroxide (99 %, Sigma-Aldrich), lithium hydroxide (99 %, Sigma-Aldrich), 

silica gel (99 %, Sigma-Aldrich), and Sodium Hydroxide (Sigma-Aldrich), followed by 

adding 0.8 ml deionized water to the powder mixture. The samples were milled for 

different milling times (5 and 10h) in a high energy ball mill using hardened chromium 

steel vials (65 ml volume) under air atmosphere. The ball-to-powder ratio (BPR) for both 

specimens was kept as 10:1. The samples milled at different milling times were labeled 

as H1 (5h), and H2 (10h). The final composition of powders was adjusted following 

reaction (R11): 

0.3LiOH+ 2.7Mg(OH)2 + 4SiO2 + 0.3NaOH →  Na0.3(Mg2.7Li0.3)Si4O10(OH)2 + 2H2O 

           (R11) 

 The 0.5 g powders of milled sample (H2) were poured in 15 ml deionized water 

and stirred in 50 ml beaker under constant stirring for 10 min using a magnetic stirrer. 
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Then, the slurry was placed in autoclave chamber (25 ml volume) and was kept in an 

oven at 260°C for 24h and 48h. Finally, the slurry was poured on a paper filter, and then 

were dried under oven at 60°C for 1h. The autoclaved samples were labeled as H3, and 

H4. 

 

7.2. Result and Discussion  

7.2.1. XRD analysis 

 Fig. 68 displays the diffraction patterns of the mixtures grounded for two milling 

times (5 and 10h). Based on the XRD profiles, a broad amorphous hump of silica, and 

sharp peaks of brucite co-exist after 5h milling treatment (H1). Furthermore, the peaks 

representative of sodium hydroxide and lithium hydroxide were not detected due to lower 

concentration. The XRD patterns of brucite disappeared as the milling time increased to 

10h (H2), and a poorly crystalline HEC appeared confirming the formation of HEC using 

wet MC method. Besides, two small peaks corresponding to Fe contamination were 

obtained because of excessive wear of balls and vials. Thus, controlling of milling time at 

about 10h is a significant key to synthesize HEC mechanochemically. Our synthetic 

HEC, the mechanochemically induced HEC, is comparable with Laponite, which is a 

commercially available synthetic hectorite known to have a small particle size [112]. In 

addition, the basal spacing peak in XRD pattern was not displayed, which is the same as 

Laponite XRD pattern [113, 112, 114].   

 By applying autoclave treatment on the milled sample for two duration times 

(H3:24h, and H4:48h), a high crystalline HEC was formed. HEC with Li+ as 

exchangeable cations exhibited a basal spacing of 11.3 Å for H4 sample. This basal 
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spacing is very close to the value of HEC reported by Pawar et al. [115] in which HEC 

obtained using hydrothermal process. Peaks at 4.6 Å (~ 19.5° 2θ), 2.5 Å (35.8° 2θ), 1.7 Å 

(53° 2θ), and 1.5 Å (60.7° 2θ) represented the [(110), (020)], [(130), (200)], [(150), (240), 

(310)], and [(060), (330)] reflections of hectorite, respectively [115].  

 
 

Fig. 68 XRD profiles of the mixtures grounded for two milling times: (H1:5h, and 

H2:10h), and the autoclaved samples as a function of time: (24h:H3, and 48h:H4). 

 

From a close-up section of diffraction at angles 5-20° (2θ), the results also indicate that 

autoclave duration for shorter time (H3) affected the basal space and shifted it to the 

lower value (10.1 Å), which may impact cation exchange properties. The (060) values of 
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H3 and H4 were determined to be nearly 1.52 Å, confirming the trioctahedral nature of 

synthesized samples [115]. Therefore, it can be concluded that a single phase of Laponite 

was formed using MC method, while high crystalline HEC was the product of MC and 

subsequent autoclave means.  

 

7.2.2. FTIR analysis 

 FTIR spectra of powders milled for 10h (H2), and subsequent autoclave treatment 

on the milled powders for two different times (H3:24h, and H4:48h) are collected in Fig. 

69. Although the XRD data illustrate the formation of synthetic Laponite after 10h of wet 

milling, and HEC after autoclave treatment, a clear identification can be made by FTIR. 

FTIR spectrum of H2 exhibits a broad band at around 3400–3700 cm−1, which is usually 

assigned to the stretching and bending of surface hydroxyl groups and sorbed water 

[116]. Moreover, the bending vibrations of adsorbed water in the interlayer Laponite can 

be also seen at 1639 cm−1. The presence of peaks at1422 cm−1 (ν3), and 1384 cm−1 (ν2) 

was recognized as asymmetric stretching modes of CO3
2, confirming the absorption of 

CO2 from the atmosphere during milling process [64]. The peaks centered at 1013, 910 

and 462 cm−1, are classified as Si–O bond, Si–O stretching mode, and Si–O–Si bending 

vibrations, respectively [117, 118]. Note that the Si–O stretching at 1013 cm−1 in the 2:1 

layer silicates shows the dioctahedral minerals [119]. The peaks observed at 6 the 

bending vibrations of adsorbed water in the interlayer Laponite can be also seen at 1639 

[117]. The spectra of two autoclaved samples (H3, and H4) show very similar peaks as 

compared with milled one (H2), however the band at 910 cm−1 was vanished in H3 and 

H4. In addition, the peaks centered at 624 and 646 cm−1 shifted to 670 cm−1 in H4, which 
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associate to inplane OH bending [120]. There were two more bands at 3624 and 1110 

cm−1 in H4, which can be attributed to the MgLi-OH and Si–O stretching vibrations 

[115]. Therefore, higher autoclave time (48h) demonstrate a clay structure resembling the 

spectrum of HEC.  

 

Fig. 69 FTIR spectra of powders milled for 10h (H2), and subsequent autoclave treatment 

on the milled sample for two different times (H3:24h, and H4:48h). 

 

7.2.3. Morphological characterization  

 Fig. 70 displays the FESEM images of HEC prepared after 10h milling and 

subsequent autoclave treatment for 48h (H4). From the lower magnification, the 

morphology of synthetic HEC appears in the form of microlayers twisted in a large 
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quantity of flower-like branched structure. As evident from the close-up part, this unique 

structure had homogenous leaf-like microstructures with a leaf thickness of about 35 nm. 

It is interesting to note that the average pore diameters were around 2 m, which was 

much larger than those synthesized via microwave [121], Hydrothermal [122], and 

template free route means [123].  

 

Fig. 70 FESEM images of HEC (H4) prepared after 10h milling and subsequent 

autoclave treatment for 48h. 

 

 Fig. 71 presents the TEM image of HEC prepared after 10h milling and 

subsequent autoclave treatment for 48h (H4). It can be observed the typical lamellar 

structure of HEC with long-ranged stacked layers in a sheet on-sheet manner, indicating 

high delamination of the sheets. The HEC lamellae with an average size about 2 m long 
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and 30 nm thick can be readily observed. The synthetic HEC particle size in this study 

was much greater than natural HEC (~ 372 nm in length, 50 nm in width, and 1 nm in 

thickness) [124]. The micrographs are good agreement with SEM results as well. This 

morphology with layered structure provides a great potential to synthesis of new HEC 

based nanocomposites for many applications.  

 

Fig. 71 TEM image of HEC prepared after 10h milling and subsequent autoclave 

treatment for 48h (H4). 
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Fig. 72 EDS spectrum of HEC prepared after 10h milling and subsequent autoclave 

treatment for 48h (H4). 

  

 Fig. 72 shows EDS spectrum of HEC (H4) produced by MC and subsequent 

autoclave treatment process. According to the obtained data, the main components of the 

H4 sample were oxygen, sodium, magnesium, silicon, and carbon, confirming all 

elements present in HEC. The EDS result confirms the purity of final composition of 

HEC without trace of chemically stable impurities. Based on the average values of three 

points, the total amount of sodium, magnesium, and silicon present in HEC were obtained 
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as 1.76%, 17.76%, and 30.41%, respectively, which were close and similar with the 

accepted values (Na:1.81%, Mg:17.23%, and Si:29.49%), respectively. This confirms the 

successful formation of HEC produced by wet MC and following autoclave treatment.  

 

 

Figs. 73 DTGA curve of sample milled for 10h (H2). 

 

 

7.2.4. Thermogravimetric analysis 

 Figs. 73 and 74 provide the differential thermogravimetric analysis (DTGA) of 

samples milled for 10h (H2), and subsequent autoclave treatment for 48h (H4) on the 

milled sample, respectively. According to Fig. 73, It can be seen that there were three 

distinct mass losses during heating of milled sample (H2). The first mass loss of 13.6% 
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appears between 25 to 100 °C can be assigned to the removal of adsorbed and hydration 

water molecules on the surface of layers [43]. The second mass loss of 7.3%, remarked in 

the temperature range of 350–650 °C, corresponds to the interlayer water loss of clay in 

the specimen. The final decomposition from 600 °C to 800 °C with a mass loss of 0.6% is 

attributed to the dehydroxylation of clay structure. Hence, all three mass losses represent 

a thermal decomposition of clay structure resembling Laponite with total mass losses of 

21.6% at 800 °C [125, 126]. The results were good agreement with XRD and FTIR 

outcomes.  

 

Figs. 74 DTGA graph of sample milled for 10h followed by subsequent autoclave 

treatment for 48h (H4). 

 

 As evident from Fig. 74, the thermal decomposition of H4 occurred in three 

consecutive steps between 25–450 °C, 450–650 °C, and 650–800 °C, which were about 
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6.9%, 0.9%, and 2.8%, respectively. As mentioned above, the first mass loss was 

associated to the loss of surface water, while the second and third ones can be assigned to 

the release of interlayer water and dehydroxylation of clay structure, respectively. The 

total mass loss for H4 at 800 °C was about 10.6%. The DTGA results indicates that the 

thermal degradation behavior of H4 is equivalent to HEC [127], which were previously 

evidenced by XRD and FTIR results. 

 

7.3. Conclusions 

 This research section reports the successful preparation of poorly crystalline HEC 

(Laponite) through wet MC process and High crystalline HEC via following autoclave 

treatment. The morphology of synthetic HEC appears in the form of microlayers twisted 

in a large quantity of flower-like branched structure with an average leaf thickness of 

about 35 nm and 2 m long. The EDS result confirms the purity of final composition of 

HEC without trace of chemically stable impurities. DTGA data showed three mass losses 

represent a thermal decomposition of clay structure resembling HEC. The synthetic HEC 

reported here with layered structure would provide a great potential to synthesis of new 

HEC based nanocomposites for many applications. 
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8. SUMMARY 

 This research focused on the synthesize, and characterization of anionic, non-

ionic, and cationic clay materials via mechanochemical means, which is facile, simple, 

inexpensive, and solvent free method. Structural features, morphological characterization, 

and thermal behavior of products based on various synthesis conditions (e.g. the effect of 

ion substitution and synthesis parameters on the porosity and textural characteristics of 

synthetic clays) have been studied. The subsequent autoclaving process on the non-ionic 

and cationic samples were also evaluated which resulted in crystallinity growth of 

products and in some cases led to production of clays. The products were characterized 

by XRD, FTIR, FESEM, EDS, elemental mapping analysis, TEM, XRF, and DTGA. In 

this project, we successfully prepared anionic clays (e.g. HT, and HC), non-ionic (e.g. 

Talc and KAO), and cationic clays (e.g. MMT, and HEC). Our results reveal that anionic 

clays (e.g. HT and HC), and poor crystalline talc and HEC can be successfully produced 

through one pot mechanochemistry method, while high crystalline talc, HEC, and MMT 

were produced after subsequent autoclave process. Moreover, KAO with two distinct 

morphologies and proper crystallinity was obtained instead of PP and HS clays. The 

results presented in this dissertation provided a plethora of new information, some of 

which challenge old dogmas. One of the main contributions of this study was to 

demonstrate, for the first time, that cationic clays (MMT, HEC) can be synthesized with 

particle sizes around 1-2 m. It is interesting to note that other methods like 

Hydrothermal and precipitation are unable to produce those clays with particle size more 

than 50 nm, which affects significantly their properties. These synthetic clays are 2-D 

layered materials of significant potential for environmental and industrial applications.    
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8.1. Future work  

 The results of this research have proved that mechanochemistry is an effective 

method for preparation of 2D layered materials. Therefore, this simple process will 

provide a great potential for synthesis of clays based nanocomposites. Further 

characterization of mechanically induced clays would be helpful in elucidating the basal 

spacing of the sheets, possibly through high resolution transmission electron microscopy 

(HRTEM). It would also be useful to know and calculate the minimum energy used for 

ion substitutions via molecular dynamics [128] and compare the results with the data 

obtained through other characterization techniques like XRD. Other synthesis parameters 

should be also examined to obtain the optimum conditions for production of clays. The 

properties of clays should be studied including rheology properties, barrier properties, 

etc. Commercialization of divers clays should also be assessed based on a comparison of 

the cost and availability of ball mill in industrial scale, and the starting material of clays. 

These analyses would be valuable for targeting potential commercial applications of 

clays.  
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