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Abstract 

 

Novel Layered Double Hydroxide Chemistry for Application in Cement 

and Other Building Materials 

 

Anchalee Wongariyakawee          Balliol College 

D.Phil. Thesis                          Trinity 2013 

 

 

The investigation into the syntheses and the intercalations of LDHs is the focus of the work 

described in this thesis. An introduction to Layered Double Hydroxide (LDH) materials with an 

emphasis on the possible host lattices and to their applications is given in Chapter 1. The 

application of LDHs in cement including; history of cement, cement production process, and 

cement hydration is detailed. 

 

The synthesis of the Ga-doped Ca2Al(OH)6Cl•nH2O LDHs (Ca2GaxAl(1–x)-Cl; where 0 < x < 1) via 

the co-precipitation method is reported in Chapter 2. The effect of doping Ga
3+

 on a parameter of 

Ca2GaxAl(1–x)-Cl was determined by using Vegard’s law and the correlation between a parameter 

and x value was derived. The intercalation of organic anions including; sodium styrene sulfonate, 

sodium butene dicarboxylate, sodium fumarate and ammonium poly(styrene sulfonate), in Ca2Ga-

Cl structure is described. 

 

The intercalation of lignosulfonate, naphthalene sulfonate and polycarboxylate into 

Ca2Al(OH)6NO3·6H2O (Ca2Al-NO3) is detailed in Chapter 3. The release behaviour for the LDHs 

and the kinetic modelling of the release are reported. The effects of these LDHs on cement 

hydration studied by using the in situ X-ray diffraction and the ultrasound shear-wave reflection 

are discussed. 

 

In Chapter 4, the synthesis of Ca2Al(OH)6NO3·nH2O via a non-ionic surfactant reverse 

microemulsion is reported. The effects of the amount and the solubility [Hydrophile-Lipophile 

Balance (HLB)] of non-ionic surfactant on the morphology and the size distribution of the LDHs 

are discussed.  

 

Two new nitrite intercalated Ca2Al-LDHs [Ca2Al(OH)6NO2·nH2O] synthesised via both the       

co-precipitation and the reverse micro-emulsion method are detailed in Chapter 5. The hydration 

of Portland cement samples with additive nitrate- and nitrite-intercalated Ca2Al-LDH made using 

co-precipitation is discussed. 

 

The synthesis of dispersed, uniform nanoplatelet [Ca2Al(OH)6DDS]•H2O LDHs is reported in 

Chapter 6. The effects of the amount of the surfactant on the morphology and size distribution of 

the LDHs are described. 

 

The experimental procedures and characterising techniques employed in this study are listed in 

Chapter 7. Additional data are provided in the Appendices. 
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Chapter 1: Introduction 

 

1.1 Structure of Layered Double Hydroxides 

Layered double hydroxides (LDHs) are a class of synthetic anionic clays whose structures 

are based on brucite-like layers. The brucite structure consists of magnesium cations 

coordinated with six hydroxide ions.
1
 The magnesium cations occupy the octahedral holes 

between oxygen atoms of the hydroxyl group. The octahedral units connect to form 

infinite layers by edge-sharing. These layers stack on top of one another to form the 3D 

structure. 

      

        

 

 

Figure 1.1. Views of brucite [Mg(OH)2] along (a) the a- axis and (b) the c-axis. Magnesium cations shown 

in yellow coordinate with oxygen atoms (in red) from a hydroxyl group. Hydrogen atoms are shown in 

pink.
1
 

 

The main structural features of LDHs were first studied by Allmann
2
 and Taylor

3
. The 

LDH structure is derived by the substitution of trivalent cations on some of the divalent 

cations sites in a brucite structure, creating positively-changed sheets. The intercalation of 

anions in the interlayer region balances the total charge in order to retain overall 

electroneutrality of the structure. To show the diversity of LDH materials synthesised 

using different cations and anions, a general formula may be written as 

OyHAOHMM nx

nxIII

x

II

x 2/21 ][])([ 

 , where M
II 

and M
III 

represent divalent and trivalent 

cations, (e.g. Ca
2+

, Mg
2+

, Fe
2+

, Mn
2+

, Zn
2+

, Cu
2+

, Ni
2+

 or Co
2+

 for M
II
, and Al

3+
, Cr

3+
, 

Mn
3+

, Fe
3+

, Ga
3+

, Co
3+

, Ni
3+

, V
3+

 or Sc
3+

 for M
III

) and A
n–

 is the intercalated anion.
4
 It was 

initially thought that LDH structures can typically form within x values ranging between 

(a) (b) 

b a 

b 

c 
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0.20 and 0.33.
5-7

 However, a more recent investigation suggested that LDHs can be 

formed over the greater range between 0.07 and 0.5.
8
  Furthermore, many ternary LDHs 

involving mixtures of different M
II
 and/ or M

III
 cations have been successfully synthesised, 

for example, sulfate intercalated Mg
II
Cu

II
Al

III
-LDH

9
, carbonate intercalated Mg

II
Fe

II
Fe

III
-

LDH
10

, and carbonate intercalated Mg
II
Al

III
Fe

III
-LDH.

11, 12
 Tetravalent cations (M

IV
) have 

been incorporated into LDH layers such as carbonate intercalated Mg
II
Al

III
Zr

IV
-LDH

13, 14
, 

carbonate intercalated Mg
II
Al

III
Sn

IV
-LDH

15
, carbonate intercalated Zn

II
Al

III
Zr

IV
-LDH

16
. 

The synthesis of quaternary LDHs have also been investigated such as 

[(Cu,Co,Zn)6Al2(OH)16CO3•H2O].
17

 The thermal stabilities of the LDH structures varies 

from one another in the following order: Mg < Mn < Co ≈ Ni < Zn for M
II
 and Al < Fe for 

M
III

.
18

 Furthermore, it was found that LiX can react with Al(OH)3 to form  

LiAl2(OH)6X•nH2O, where X = Cl
–
, Br

–
 and NO3

–
 (LiAl2-LDH).

19, 20
 The Li

+
 cations 

locate in the octahedral holes within the Al(OH)3 layers which are not occupied by Al
3+

 

ions. Further studies reported the synthesis of [MAl4(OH)12](NO3)2•yH2O (where M = Co, 

Ni, Cu or Zn) by incorporating small divalent cations into activated Al(OH)3 using the 

hydrothermal method.
21, 22

 

 

   

 

 

Figure 1.2. The structures of (a) hydrotalcite [(Mg4Al2(OH)12(CO3)•3H2O, Mg4Al2-CO3]
23

 (Mg
2+

 and Al
3+ 

 

cations in a octahedral hydroxyl coordination (with oxygen atoms in red) are shown in yellow and hydrogen 

atoms are shown in pink, while CO3
2–

 anions are located between the LDH layers in red.), and (b) 

LiAl2(OH)6Cl (LiAl2-Cl)
24

 (Li
+ 

cations (in light blue) and Al
3+ 

cations (in pink) coordinate with oxygen 

atoms (in red) from the LDH layers, while Cl
– 

anions and H atoms are shown in green and pink, 

respectively. 

 

(a) (b) 

b 

c 

b 

c 
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There are two main types of LDH stacking arrangements. The positively charged layers 

may be stacked with hexagonal symmetry [e.g. LiAl2(OH)6Cl•nH2O] with an aba two-

layer sequence
16

, or with rhombohedral symmetry [e.g. [Mg4Al2(OH)12]CO3•nH2O] giving 

an abca three-layer sequence. These polytypes are classified based on the number of LDH 

layers stacked along the c-axis of the unit cell. Rhombohedral and hexagonal structures 

can be distinguished by the systematic absences in the XRD. Bragg reflections are 

systematically absent unless – h + k + l = 3n for rhombohedral structures; where h, k, l are 

the Miller indices, and n is an integer. For hexagonal unit cell structures, the reflections 

are present when – h + k + l ≠ 3n. The d-spacing of the Bragg reflections along the c-axis 

can be indexed to either a tri-layer 3R polytype with rhombohedral symmetry, or a bi-

layer 2H polytype with hexagonal symmetry. Simulated X-ray diffraction patterns 

showing the different reflections of hydrotalcite allowed for the 3R polytype compared to 

the 2H polytype is illustrated in Figure 1.4. 

 

                          

 

 

Figure 1.3. The generalised structure of an LDH, showing (a) hexagonal and (b) rhombohedral stacking 

sequences. MO6 octahedra are shown in green. H atoms and interlayer anions are omitted for clarity. Dotted 

lines correspond to unit cells of the structure. 

 

 

(a) (b) 

b 

c 

b 

c 
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Figure 1.4. X-ray patterns of hydrotalcite (Mg4Al2(OH)12(CO3)•3H2O) (a) with rhombohedral stacking 

squence
23

 (b) with hexagonal stacking squence.
25 

 

 

 

 

 

 

 

 

 

 

(a) 
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Hydrocalumite is a colourless to light green mineral, [Ca2Al(OH)6Cl1-x(OH)x•3H2O], that 

is a calcium-based LDH.
3, 26

 Hydrocalumite-like materials (Ca2Al-LDHs) are generally 

found in hydration products of cement such as Friedel’s salt [Ca2Al(OH)6Cl•H2O,    

Ca2Al-Cl],
27, 28

 and monosulfate [Ca4Al2(OH)12SO4•H2O, Ca4Al2-SO4].
29, 30

 The polytypes 

and polymorphs of some Ca2Al-LDH materials have been studied.
3, 26-28, 31

 The 

coordination numbers of Ca
2+

 and Al
3+

 ions in the Ca2Al-LDH structures are 7 and 6, 

respectively. Each Ca
2+

 ion coordinates with the seventh oxygen atom from an intercalated 

water molecule, with the exception of nitrate intercalated Ca2Al-LDH as the Ca
2+

 ion 

coordinates with oxygen atoms from both intercalated water and the nitrate ions.
31

  

 

       

 

Figure 1.5. The structures of hydrocalumite showing the co-ordination of Ca with O from H2O in            

(a) Ca2Al(OH)6Cl•H2O and the co-ordination of Ca with O from nitrate in (b) Ca2Al(OH)6NO3•2H2O.         

H atoms are omitted for clarity. Nitrate ions are disordered. 

 

1.2 Preparation of LDHs 

Over the years, there has been a growing interest in the development of new LDH 

syntheses. LDH materials can be synthesised with a variety of divalent and trivalent 

cations, and with a range of cation compositions depending on the compatibility of the 

ionic radii of the cations to form the LDH layers. The size and morphologies of the LDH 

particles can be controlled by the synthesis methods and conditions. A number of the 

synthetic techniques have been successfully employed in the preparation of LDHs. 

(a) (b) 

b 

c 

b 

c 
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Conventional techniques have been simplified and used to develop large scale production 

for industrial purposes, while advanced techniques are still needed to acquire better 

properties such as smaller LDH particle sizes with greater surface area. 

 

1.2.1 Co-precipitation method 

The co-precipitation method has been used since the 1920s. The formation of LDH 

crystals nucleate when the mixed metal solution precipitate under basic conditions, and 

further grow and increase in size and crystallinity, while anions are directly intercalated 

between the metal hydroxide layers.
32

 This technique is suitable for the spontaneous 

intercalation of anions during the formation of the metal hydroxide layers. Furthermore, 

this method has been used to synthesise large and diverse shaped anion intercalated 

LDHs.
33, 34,

 
35,

 
36 

 

In the preparation of LDHs, the effect of pH,
37

 temperature, reaction time
38

 solvent
39, 40

 

and even physical technique
41

 such as stirring speed of reactors, on size and morphologies 

have been investigated. A series of nanosized colloidal LDHs were successfully 

synthesised by co-precipitation from metal salts dissolved in methanol in the presence of 

NaOH.
39, 40

 The pH and temperature utilised for the synthesis process are important factors 

in controlling the solubility of the precursors, increasing the yield, as well as the 

crystallinity of the LDH materials. The co-precipitation method is the synthetic technique 

widely used to support industries.
42-44

 

 

Several synthetic modifications including urea or hexamethylenetetramine hydrolysis has 

been used during co-precipitation to achieve crystallinity and morphologies.
45

 Highly 

crystalline LDHs with micron size platelets can be obtained using urea or 

hexamethylenetetramine hydrolysis during the homogeneous precipitation reaction. 

 

1.2.2  Reverse microemulsion method 

Reverse microemulsion is one of the techniques used to control and create LDHs as nano-

sized particles by adding surfactants to form reverse micelles in the oil-phase. The size 

and morphologies of the LDHs are limited by the micelles in which they form when the 

amount of surfactant added is greater than the critical micelle concentration. This 
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technique has been applied to synthesise nano-materials such as Pt, Rh, Pd, and Ir.
46-55

 

O’Hare et al. reported the first synthesis of LDHs using this method.
56-59

 

 

1.2.3 Ion-exchange reaction 

Ion exchange intercalation is a useful technique when the co-precipitation method is 

inapplicable. An ion-exchange reaction may take place between an intercalated LDH 

phase and a concentrated solution of the desired anion. The extent of ion-exchange 

reaction depends on the affinity for the desired anion, solubility of the desired anion, pH 

of the reaction medium, and the stability of LDH layers.  

 

1.2.4 Advanced synthesis techniques 

In recent years, new techniques have been designed to produce various LDH 

morphologies ranging from common platelets, spheres, rods, fibrous structures, to LDH 

films on substrates. 

 

Template-directed synthesis has been applied to synthesise spherical LDH structures. 

Coral-like MgAl-LDH microsphere has been synthesised using the ethylene 

glycol/methanol/dodecyl sulfate non-aqueous polar solvent/surfactant system.
60

 Silica 

beads have been used as templates to prepare LDH as the building block on the surface of 

the template, giving the LDH shell walls.
61

 A schematic diagram of the synthesis of an 

LDH shell on a silica substrate is shown in Figure 1.6. 

 

 

Figure 1.6. A schematic diagram of the synthesis of the LDH shell on Silica substrate.
61
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MgAl-LDH have been synthesised using the hydrothermal method to achieve wire- and 

rod-shaped morphologies. Furthermore, ZnCoFe-LDH nanowires can be synthesised in a 

water-in-oil microemulsion.
62

 

 

Face-on oriented building blocks of platelet-like LDH platelets shown in Figure 1.7 can be 

prepared by solvent evaporation, spin-coating, electrochemical deposition, and colloid 

deposition. MgAl-LDH films have been prepared using solvent evaporation on 

polyethylene substrates.
63

 The electrochemical deposition technique may be used to 

prepare LDH films due to the positive charge of the LDH colloid. ZnAl-LDH, CoAl-LDH, 

and NiAl-LDH films have been synthesised on different electrode surfaces.
64-66

 The spin-

coating technique enables MgAl-LDH films to be prepared on a magnesium-containing 

alloy substrate.
67

 

 

Figure 1.7. SEM images of (a) 1 layer, (b) 3 layers, (c) 5 layers of MgAl-LDH on Si substrate,            

cross-sectional views of; (d) 1 layer, (e) 2 layers, (f) 3 layers, (g) 4 layers, and (h) 5 layers of MgAl-LDH on 

Si substrate.
68

  

 

Perpendicular-oriented LDH films (edge-on oriented LDH) have been prepared by in situ 

growth during hydrothermal synthesis.
69

 The growth kinetics of these LDH microcrystals 

have been investigated to support the possibility of templating the formation of the edge-

on orientated MgAl-LDH film.
70

 

 

In order to synthesise nanomaterials, exfoliation technique has become an interesting 

technique. In the past few years, there are a number of publications related to the synthesis 

and application of LDH nanosheets, especially synthesised by the exfoliation method.
71

 

The first study of the exfoliation of LDHs was reported in 1999.
72

 ZnAl-NO3 LDH can be 
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exfoliated using sodium dodecyl sulfate and butanol. The delamination of LiAl-LDHs 

intercalated with different surfactants including sodium dodecyl sulfate, sodium octyl 

sulfate, sodium 4-octylbenzenesulfonate, sodium dodecylbenzenesulfonate.
73

 In addition, 

dodecyl sulfate intercalated MgAl-, CoAl-, NiAl-, and ZnAl-LDHs were reported to be 

exfoliated in toluene.
74, 75

 

 

The delamination of amino acid intercalated LDH in formamide was first reported in 

2001.
76

 The authors mentioned that the delamination occurs due to the strong hydrogen 

bonding between the intercalated anions and the polar solvent. Other amino acid 

intercalated LDHs (NiAl-, CoAl-, and ZnAl-LDHs) have been studied.
77

 Recent 

investigations have reported that MgAl-NO3 LDH can be successfully exfoliated in 

formamide.
78

  

 

1.3 Applications of LDHs 

LDHs have a high anion exchange capacity (typically number range mequiv•g
–1

), and the 

interlayer anion can be easily exchanged by organic and inorganic anions. Because of the 

interesting structural features of LDHs, these materials have been examined for a number 

of applications such as catalysts
79-88

, scavengers of pollutant anions,
89, 90

 CO2 

adsorbents,
91-96

 drug delivery,
39, 97-100

 and additives for polymer application.
101-105

 More 

recently, the use of LDHs in the synthesis of inorganic/organic nanocomposites has 

become a new emerging class of material. Synthetic LDHs offer elemental precision and 

chemical homogeneity for the inorganic phase and the LDH/polymer nanocomposites 

exhibit improved mechanical, thermal, gas barrier properties and reduced flammability. 

Hydrocalumite-like structures (Ca2Al-LDHs) are the by-products of cement hydration and 

they play several important roles
29, 106-108

 (i.e., to accelerate or retard the hydration 

reaction) to create the desired physical properties of ready mixed concrete. 

 

To improve the physical properties of these composite materials, making the admixture 

LDH materials on the nano-scale may be effective. The ability of LDH nanoparticles to 

enhance the physical and chemical properties of pristine materials has been exploited in 

many applications. For example, due to their high reactivity and surface area, 

nanoparticles are currently used in electronics, pharmaceuticals, cosmetics, biomedicine, 

catalysis and materials sciences.
109
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1.4 Uses of LDHs in cement 

1.4.1 History of cement 

Cement is one of the first structural materials invented by humanity. ‘Cement’ comes from 

the Latin phrase, ‘opus caementum’, or chip work, which refers to the aggregate often 

used in building applications. Simple cement, discovered by the ancient Romans was 

originally made of lime, volcanic ash, and crushed clay. However, the access to volcanic 

ash was limited and cement processes such as grinding and heating techniques were lost 

after the fall of the Roman Empire. The development of cement chemistry started when 

Smeaton was commissioned to rebuild the Eddystone lighthouse in Cornwall, England. He 

found that impure limestone with noticeable clay deposits produced extremely strong 

cement. The term ‘Portland cement’ has been officially used since 1824 when Aspidin 

filed the first patent for cement production. 

 

The American Society for Testing and Materials (ASTM) has defined Portland cement as 

a hydraulic cement produced by pulverizing Portland-cement clinker, which usually 

contains calcium sulfate and blended hydraulic cement. Portland cement can contribute to 

the strength-gaining properties of cement by making cement with or without other 

constituents. When sand and gravel are added to cement, the aggregate is called concrete. 

 

1.4.2 Cement production process 

Cement technology is very traditional and the original basic principles still remain 

currently efficient. However, the development of production techniques has been driven 

by the aim of reducing energy consumption, raising awareness and taking action to reduce 

the impact on the environment. The cement manufacturing process is summarised in 

Figure 1.8. The raw materials, including limestone, clay, laterite, and sand are ground 

separately by crushers. The amount of each raw material is calculated, using ‘Bogue 

equations’
110

 (Equation 1.1 – 1.4), according to the required cement phase composition of 

the clinker, the final product from cement kilns. The total weight percentage of the main 

oxides is equal to about 95 percent and the distribution is as follows: CaO 60 – 70%, SiO2 

18 – 22%, Al2O3 4 – 6%, Fe2O3 2 – 4%. The remaining 5% accounts for minor 

components such as MgO, K2O, TiO2, Mn2O3 and SO3.
111
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Tricalcium silicate  = (4.071 x %CaO) – (7.70 x %SiO2)    Equation 1.1 

– (1.430 x %Fe2O3) – (6.718 x %Al2O3) – (2.852 x %SO3)  

   

Dicalcium silicate  = (2.867 x %SiO2) – (0.7544 x %C3S)  Equation 1.2 

 

Tricalcium aluminate  = (2.6504 x %Al2O3) – (1.6920 x %Fe2O3)  Equation 1.3 

 

Tetracalcium aluminoferrite  = 3.043 x %Fe2O3    Equation 1.4 

 

Clay

Raw material

Mining

Crusher

Laterite

Sand

Limestone

Raw mill 

grinder

Raw meal

Cyclone Pre-heater

Lignite

  Raw material Preparation   Grinding Process

gypsum

SILO

Cement grinder

Kiln

Clinker 
Cooler

  Burning Process

Fuel Crusher

Limestone

  Grinding Process

cementcement

   Distribution
Process

Cement Manufacturing Process

Clinker

 

 

Figure 1.8. A summary of the cement manufacturing process of Portland cement. 
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Raw materials are mixed and ground in order to obtain greater homogeneity. The blended 

raw material is then transferred to a cyclone preheater. The gas temperature (ca. 350 
o
C) in 

the preheater is selected to reduce the moisture content of the raw material. The raw 

material is transferred due to the rotating kiln (called rotary kiln). The raw material is 

heated to higher temperature. At approximately 800 
o
C, the raw material is decomposed 

due to the decomposition of carbonate, a process called calcination. The gas temperature 

increases along the kiln from the cyclone preheater to a burner. After the calcination, 

silicate (also called belite) forms between 900 and 1200 
o
C. A liquid phase occurs and 

promotes the reaction between belite and lime that forms Alite at temperatures above    

1300 
o
C. 

 

 

Figure 1.9. An approximate composition phase diagram of Portland cement. C2(A,F) is meta-stable phase 

of tricalcium aluminate formation.
110 
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The molten phase is rapidly quenched using clinker coolers in order to control the rate of 

cooling. The liquid phase in the kiln cools down and glassy silica and tricalcium aluminate 

(C3A) crystallises out at 1450 
o
C. The product formed as a result of the quenching process 

is called a ‘clinker’. The average size of a clinker grain is approximately a few 

centimetres. The composition of cement phases present in a clinker is summarised in 

Table 1.1. The main constituents of clinker are slightly impure due to the minor elements 

in the raw materials from mining. Two major components of the cement phase are 

commonly found in clinkers; calcium silicate is crucial to the development of the 

durability of hydrated cement, while calcium aluminate influences the setting time of 

cement. The clinker is ground and mixed with the appropriate amount of gypsum by ball 

mills in order to obtain the specific surface area (also called ‘Blaine’) of 300 – 350 m
2
/kg 

for general purpose cement and a higher surface area of 450 – 650 m
2
/kg for rapid setting 

cement. These final-products are called cement.  

 

Table 1.1. Summary of the approximate composition of Portland cement.
110

 

 Composition (% wt) 

Tricalcium silicate (Ca3SiO5, C3S) 42 – 65 

Dicalcium silicate (Ca2SiO4, C2S) 10 – 30 

Tricalcium aluminate (Ca3Al2O6, C3A) 0 – 16 

Tetracalcium aluminoferrite (Ca2(AlxFe1-x)2O5; 0 < x < 0.7, C4AF) 1 – 17 

Magnesium oxide (MgO) 0.5 – 6 

Alkali sulfates (Na2SO4, K2SO4) 0.5 – 3 

Excess calcium oxide (CaO) 0.2 – 4 

 

1.4.3 Cement hydration 

Cement hydration occurs when cement is mixed with water. A partial hydration of cement 

can take place in humid air. However, cement requires a sufficient amount of water in 

order to hydrate completely which is defined by the water to cement weight ratio (w/c). 

The w/c value normally used is between 0.3 – 0.6 as it provides an optimal range in which 

the cement produced has a great durability with an acceptable flowability. The amount of 

water added can affect the rheology and the hydration progress of the cement suspension 

which is called ‘fresh cement paste’. The fresh cement paste hardens as the hydration 

process progresses and ultimately becomes set in place. The hydration reactions in 
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Portland cement are very complex. The rate of hydration and the hydration products of 

each cement compound differ from one another as shown in Figure 1.10.  

 

Figure 1.10. Schematic representation of the anhydrous constituents in Portland cement clinker and the 

hydration products formed during hydration. The areas of the ‘boxes’ give the approximate volume 

proportions of the phases. C-S-H = Calcium silicate hydrate.
112

 

 

Overall, the progress of hydration correlates with a variety of chemical and physical 

effects which are as follows: 

(1) The cement phase composition and the presence of foreign ions within the 

crystalline lattices of the individual clinker phase. 

(2) The fineness of cement particles, in particular, the particle size distribution and 

specific surface area. 

(3) The water/cement ratio used. 

(4) The curing temperature. 

(5) By the presence of chemical admixtures, i.e., chemical substances added in 

small amounts to modify the hydration rate and properties of the cement paste. 
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1.4.3.1 Calcium silicate hydrate (C-S-H)  

Calcium silicate hydrate, described by the generic term ‘C-S-H’, is generally formed by 

the hydration of tricalcium silicate (C3S) or dicalcium silicate (C2S).
113

 These cement 

phases account for about 75 %wt of a Portland cement.
114

 The morphology of C-S-H is a 

reticular structure consisting of irregular fibres growing from the surfaces of the cement 

grains and bridging the spaces between grains, causes which the strength development of 

cement paste.
115-118

 The hydration product occupies about 60 %v of the total hydration 

products. Structurally, the C-S-H is very poorly crystalline with a Ca/Si ratio of 1.7 – 2.0. 

Bernal
113

 reported that the C-S-H structure has a layer structure related to that of a 

crystalline mineral called Tobermorite [Ca5Si6O16(OH)2•4H2O]. Another crystal mineral 

called Jennite [Ca9Si6O18(OH)6•8H2O] has also been suggested. More recently, it has been 

concluded, that the C-S-H structure depends on the Ca/Si ratio.
118-120

 C-S-H with a ratio 

between 0.83 - 1.25 is formed as Tobermorite, while the Ca/Si ratio for Jennite is between 

1.5 and 2.25. Both of the proposed structures are significantly more crystalline than the 

material formed in cement pastes under normal conditions. 

 

 

Figure 1.11. TEM image of C-S-H present in cement paste with a water to cement ratio of 0.4, hydrated at 

20 
o
C for 3 months.

118 
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Figure 1.12. View of the C-S-H structure with a Ca/Si ratio between 0.83 – 1.25 (called Tobermorite) 

projected along (210).
118

 Si atoms in a tetrahedral hydroxyl coordination are shown in blue, while the seven 

coordinated Ca atoms are shown in light blue. The C-S-H chain has a kinked pattern where some silicate 

tetrahedra share O–O edges with the central Ca–O layer (called ‘paired’ tetrahedral, P) and others that do not 

(called ‘bridging’ tetrahedral, B). 

 

 

 

 

Figure 1.13. View of the C-S-H structure with a Ca/Si ratio between 1.5 – 2.25 (called Jennite) projected 

along (100).
118

 Si atoms in a tetrahedral hydroxyl coordination are shown in blue, while the seven 

coordinated Ca atoms are shown in light blue. ‘Paired’ and ‘Bridging’ tetrahedra are labelled ‘P’ and ‘B’, 

respectively.  
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1.4.3.2 Calcium aluminate hydrate (C-A-H) 

The calcium aluminate hydrate results from the hydration of tricalcium aluminate (C3A) 

and tetracalcium aluminoferrite (C4AF). These cement phases comprise less than 20 %wt 

of the bulk of cement. Their hydration reactions are very important in cement, as they can 

dramatically affect the overall setting of cement. In the absence of any additional 

additives, tricalcium aluminate undergoes hydration and forms two intermediate 

hexagonal phases, called C2AH8 (Ca2Al2O4•8H2O) and C4AH19 (Ca4Al2O4•19H2O). 

C2AH8 and C4AH19 are meta-stable phases which belong to a large group of monosulfate 

(AFm) phases, [Ca2(Al,Fe)(OH)6]X•nH2O] where X denotes an anion. C2AH8 and C4AH19 

contain [Ca2Al(OH)6]
+
 sheets with OH

–
 or [Al(OH)4]

–
, together with water, in the 

interlayer region.  These phases transform spontaneously to the fully hydrated and 

thermodynamically stable cubic phase which sometimes has silicate incorporated into the 

structure, and is called hydrogarnet [Ca3Al2(SiO4)3–x(OH)4x; 0 ≤ x ≤ 3]. These very rapid 

and exothermic hydrations of tricalcium aluminate cause the cement setting to ‘flash set’. 

Therefore, gypsum is used to slow down the tricalcium aluminate hydration. In the 

presence of gypsum, tricalcium aluminate reacts with gypsum and produces ettringite, 

[Ca6Al2(SO4)3(OH)12•26H2O, AFt]. As gypsum becomes increasingly consumed, both 

C2AH8 and C4AH19 become significant phases and ettringite will in turn react with these 

C2AH8 and C4AH19 phases to give a calcium monosulfatoaluminate hydrate, called 

monosulfate [Ca4Al2(OH)12(SO4)•6H2O, Ca4Al2-SO4, also called AFm].
29, 110, 121

 

Tetracalcium aluminoferrite (C4AF) hydrates relatively similarly to C3A. The composition 

of calcium aluminoferrite may vary between an Al/Fe ratio of 0.43 and 2.33.The rate of 

hydration is significantly lower than that of C3A depending on the Al/Fe ratio. It generally 

decreases with increasing Fe content.
122
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Figure 1.14. Crystal structures of hydrogarnet (a) Ca3Al2(OH)12, and (b) Ca3Al2(SiO4)2.16(OH)3.36 (ICSD 

15380). Ca atoms are displayed in grey, O atoms in red, Al atoms in light blue, Si atoms in dark blue.
123 

 

 

 

Figure 1.15. Crystal structure of ettringite projected on the (001) plane.
121

 Ca atoms are displayed as blue 

circles, O atoms in red, Al atoms in light blue, SO4
2–

 tetrahedral in yellow and H atoms in grey. 
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Figure 1.16. View of monosulfate (Ca4Al2-SO4) along (a) the a-axis and (b) the c-axis showing the relative 

positions of sulfate ions (in yellow).
124

 Al atoms in an octahedral hydroxyl coordination show in blue, while 

Ca atoms with the seven hydroxyl coordination show in grey. 

 

The hydration and hydration products of C3A, especially Ettringite are of particular 

interest because of their significant effects on cement setting. This hydrated phase is 

present as rod-like material in the early stages of cement hydration and can grow further to 

fill pores or cracks in hardened cement. It is believed that it can enhance the durability of 

hardened cement. The formation of Ettringite in the initial stage has a positive effect, 

while the Ettringite formation can cause damage in hardened concrete due to the 

expansion of the Ettringite phase. For many years, the studies of generic hydration of C3A 

have been investigated. The thermal decomposition of Ettringite has been a subject of 

much discussion. It is observed that the temperature of thermal decomposition of 

Ettringite depends on pressure and humidity. In recent years, the formation of Ettringite, 

b a 

b 

c 

(a) 

(b) 
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and monosulfate in hydrothermal hydration of Portland cement have been studied by in 

situ synchrotron X-ray powder diffraction in comparison with the hydration of calcium 

aluminium oxide and gypsum mixtures. It is found that Ettringite can be converted to 

monosulfate when gypsum is consumed.
29

 In addition, Meller et al. reported the thermal 

decomposition of calcium monosulfate to hydrogarnet [Ca3Al2(OH)12] using in situ 

synchrotron X-ray diffraction.
125

 

 

In order to improve the workability of cement paste, water reducing agents have been 

discovered and are now generally used. The interaction between water reducing agents 

and cement is still under investigation to prove whether water reducing agents adsorb on 

the surface of a hydrating cement grain. Yoshioka et al. reported the higher adsorption of 

water reducing agents on C3A and C4AF than on the C3S and C2S phases.
126

  

 

Water reducing agents are adsorbed on the cement particles and act as dispersants by 

electrostatic and/or steric repulsion effects. The negative zeta potential of cement particles 

in pastes can be increased by adding superplasticizers, causing larger electrostatic 

repulsive forces between cement particles. The resulting steric repulsion between cement 

particles help to avoid the formation of agglomerates. As a result, the water requirement of 

a concrete or mortar mixture for a given workability can therefore be reduced, without 

losing its ability to maintain density and strength. The workability of concrete or mortar 

mixtures can hence be increased while water content remains fixed, providing unchanged 

workability and strength. 

 

There are a number of publications reporting the study of water reducing agent adsorption 

on the formation of cement hydration products such as Ettringite, monosulfate, Syngenite 

(K2SO4•CaSO4•H2O), Portlandite, and Gypsum using the zeta potential technique.  The 

results show that Syngenite, Portlandite, and Gypsum do not adsorb water reducing 

agents, while the additive can adsorb on cement grains mainly where the ettringite and 

monosulfate crystallise.
30

 Ettringite can be produced in the presence of water reducing 

agents.  
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1.4.4 Use of Ca2Al-LDHs in cement 

Monosulfate has become an interesting material when it was found that water reducing 

agents such as β-naphthalene sulfonate formaldehyde (BNS) can intercalate into this 

layered calcium aluminate phase.
127

 The intercalation of a polycarboxylate-type water 

reducing agent into a C3A hydration product has been successfully studied. It was 

observed that C3A can hydrate in aqueous polycarboxylate media and partially incorporate 

the anionic polymer within the galleries of the [Ca2Al(OH)6]
+
layers.

128-130 

 

Monosulfate is a by-product of tricalcium aluminate hydration. The material has a 

hydrocalumite-like structure [Ca2Al(OH)6
+
X1/n

n–
•yH2O, Ca2Al-X LDHs] which is a 

layered material with interesting properties. The structure of Ca2Al-X LDHs contains 

positively charged mixed metal hydroxide layers separated by charge-balancing hydrated 

anions between the layers. The interlayer anions may be replaced by anion exchange. 

 

There are a number of publications investigating the synthesis of LDH-based additives for 

use in cement, such as [Ca2Al(OH)6]Cl•nH2O for use as a hardening accelerator.
44

 More 

recently, the intercalation of water reducing agents in Ca2Al-X LDHs has been studied.
131

 

It may be possible to use LDHs to enhance the properties of cement. One way in which 

this may be achieved is by the synthesis of nano-sized Ca2Al-LDHs. Furthermore, 

additive-intercalated LDHs may act as multifunctional additives because the LDHs can act 

as seed crystals for the hydration products of cement. LDH/polymer nanocomposites and 

these novel additives could allow us to overcome some of the disadvantages of cement 

such as low tensile and flexural strengths, its tendency to crack with changes in 

temperature and moisture, and relatively high moisture absorption and permeation.
108, 132-

135
 

 

1.5 Aims of this thesis 

The aim of this thesis was to study LDH-based materials as models to obtain a better 

understanding of the interaction between organic admixtures and the cement phases.
107, 136, 

137
 It is hoped that new additive-intercalated LDHs could become much more effective 

multi-functional components in concrete. Thus the primary objective of this aspect was to 

develop novel LDH materials for use in cement. 
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The synthesis of novel doped variants of [Ca2Al(OH)6]Cl•nH2O, by incorporating gallium 

in the LDH layers, [Ca2GaxAl(1–x)(OH)6]Cl•nH2O (Ca2GaxAl(1–x)-Cl) LDH with x between 

0 and 1, has been undertaken using the co-precipitation method.  

 

In order to understand the effect of LDH-based additives on cement hydration, the 

intercalation of lignosulfonate, naphthalene sulfonate and polycarboxylate into 

Ca2Al(OH)6NO3•6H2O (Ca2Al-NO3) has been investigated and their effects on cement 

hydration was studied using time-resolved X-ray diffraction and ultrasound shear-wave 

reflection studies.  

 

To improve the efficiency of LDH-based additives, the synthesis of new nano-size 

additive-intercalated LDHs was investigated. Ca2Al-NO3 has been synthesised using non-

ionic surfactant reverse micelles. The reverse micelle approach has also been applied to 

the synthesis of nitrite-intercalated layered double hydroxide Ca2Al(OH)6NO2•6H2O 

(Ca2Al-NO2), in order to prepare a novel system for cement applications that exhibits 

multifunctional behaviour: acting both as a corrosion inhibitor, as well as a hydration 

accelerator. 

 

In recent years, the use of LDHs in the synthesis of inorganic/organic nanocomposites has 

created a new emerging class of material. Synthetic LDHs offer elemental precision and 

chemical homogeneity for the inorganic phase. LDH/polymer nanocomposites exhibit 

improved mechanical, thermal, and gas barrier properties and reduced flammability. 

Hydrocalumite-like materials (Ca2Al-LDHs) could be prepared in a suitable form in order 

to act as an attractive component with enhanced physical properties in polymer 

nanocomposites. In order to achieve a high dispersion of the Ca2Al-LDHs in polymer 

nanocomposites,
138-141

 a synthesis of highly dispersed Ca2Al-LDH with hydrophobic 

surfaces is required. The synthesis of nanosized calcium aluminium LDHs in 

dodecylsulfate reverse micelles has been investigated. 
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Chapter 2: Synthesis and Characterisation of Gallium Doped 

[Ca2Al(OH)6]Cl•nH2O LDHs 

 

2.1 Introduction 

Friedel’s salt is the common name of chloride intercalated Ca2Al-LDH 

(Ca2Al(OH)6Cl•nH2O, Ca2Al-Cl) in cement chemistry. This compound was first 

mentioned by Friedel in 1897, when investigating the reaction between lime and 

aluminum chloride.
1-4

 The product from the reaction called hydrated tetracalcium 

bichloroaluminate is a type of AFm (monosulfate) phase, which is a family of products 

from cement hydration. AFm phases are composed of positively charged layers of 

[Ca2Al(OH)6]
+
, negatively charged interlayers containing coordinated water (X

–
 and 

nH2O; where X
–
 is an anion generally found in the cement hydration system,

5-9
 such as  

Cl
–
, CO3

2–
, and SO4

2–
).  

 

A number of publications have reported the effect of Friedel’s salt on cement hydration, 

Friedel’s salt can slow down chloride attack which is the main factor of structural damage 

in reinforced concrete located near marine environments.
3, 4, 10-13

 The chloride ions cause 

the initiation of corrosion by external penetration into the concrete. Steel corrosion in 

concrete occurs at high concentration of chloride. Chloride binding can delay achieving 

the threshold chloride concentration required to trigger corrosion by removing chloride 

ions from the hydration system. Chloride is captured in cement hydration due to the 

adsorption of the bulk Cl
–
 ions present in the hydration system into [Ca2Al(OH)6]

+
, from 

the hydration of calcium aluminate phases.  

 

Over the years, LDHs have been synthesised and applied in industry. A number of 

synthetic LDHs were studied for removal of arsenate from aqueous systems.
14-18

 The 

synthesis of ternary LDHs
19-22

 for industry applications is also of interest.
22, 23

             

Mg(2–x)CaxAl-Cl; 0 ≤ x ≤ 2.0,  were investigated as absorbents to remove 

triplepolyphosphate (triphosphate).
24

 A series of Mg6Al(2–2x)Ga2x(OH)16CO3.nH2O; where 

0 < x < 1, was synthesised and studied as CO2 adsorbents.
25

 It was found that the CO2 
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adsorptivity and stability increases with gallium substitution in comparison to 

unsubstituted hydrotalcites. 

 

The large-scale production of Ca2Al-Cl was investigated for use as a concrete hardening 

accelerator.
26, 27

 The novel doped variants of [Ca2Al(OH)6]Cl•nH2O may be more reactive 

than pristine Ca2Al-LDH due to the distortion of the LDH structure. The primary objective 

of this chapter is to investigate the possibility of preparing a mixed Ga/Al layered double 

hydroxides.  

 

2.2 Study of pH effect on the synthesis of [Ca2Ga(OH)6]Cl•nH2O 

The effect of pH on the Ca2Ga-Cl synthesis has been investigated in order to achieve 

optimum crystallinity of the LDH. 0.97 g of CaCl2•2H2O, and 0.84 g of Ga(NO3)3•H2O 

were mixed and added to 10 ml of water. After mixing, the solution was transferred into a 

glass Luer tip style syringe. Separately, 250 ml of a mixture of DI water and ethanol in a 

2:3 ratio was prepared and adjusted to pH 4 using HCl solution. 2M NaOH was used to 

adjust pH of the reaction which was varied from pH 10.5, 11.0, and 11.5.   

 

This precursor solution was then added into the water/ethanol mixture and the pH was 

controlled at 10.5 ± 0.1, 11.0 ± 0.1, and 11.5 ± 0.1 by adding 2M NaOH. All mixtures 

were stirred continuously at 65 
o
C for 2 days. All solid products were isolated by vacuum 

filtration and removed impurities by washing extensively with deionised water, followed 

by a small amount of acetone to facilitate drying, and left to dry under vacuum for 

approximately 4 hours. 

 

2.2.1 X-ray powder diffraction data 

The X-ray diffraction patterns of Ca2Ga-Cl LDHs, formed in reactions with different pH, 

are shown in Figure 2.1. The XRD data for Ca2Ga-Cl LDHs can be indexed using a 

rhombohydral unit cell with a = 5.83 Å, c = 24.0 Å, corresponding to the chloride 

intercalated LDH.
28

 The LDH synthesis at pH 10.5 provided the highest crystallinity of 

LDH as shown in Table 2.1. Portlandite can be observed in Ca2Ga-Cl sample synthesised 

at pH 11.5.  
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Figure 2.1. XRD data for Ca2Ga-Cl at different pHs. + corresponds to portlandite [Ca(OH)2]. The Bragg 

reflections are indexed to the rhombohedral cell, a = 5.83 Å and c = 24.0 Å. 

 

Table 2.1. A summary of the X-ray diffraction data for Ca2Ga-Cl LDHs. 

Sample 
(003) Bragg reflection 

Position/2θ d-spacing/Å FWHM/
o
 CDS/nm 

Ca2Ga-Cl pH 10.5 11.35 7.80 0.13 60.7 

Ca2Ga-Cl pH 11 11.35 7.80 0.23 34.3 

Ca2Ga-Cl pH 11.5 11.27 7.85 0.20 39.5 

FWHM = full width at half maximum, Scherrer equation (CDS = Kλ(βcosθ)
–1

); K = 0.89,
29

           

CDS = Crystalline Domain Size. 
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2.3 Synthesis of Gallium doped variants of [Ca2Al(OH)6]Cl•nH2O 

The synthesis of novel doped variants of [Ca2Al(OH)6]Cl•nH2O by incorporating gallium 

in the LDH layers, [Ca2GaxAl(1–x)(OH)6]Cl•nH2O (Ca2GaxAl(1–x)-Cl) LDH where x = 0, 

0.05, 0.10, 0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, and 1.00, were undertaken 

using the co-precipitation method.
30

 A series of Ca2GaxAl(1–x)-Cl LDHs were prepared by 

varying the concentration of the gallium (III) cations used in the synthesis, x, from 0, 0.05, 

0.10, 0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90 and 1.00.  

 

250 ml of a mixture of DI water and ethanol in a 2:3 ratio was prepared and adjusted to pH 

4 using HCl solution, followed by 2M NaOH until pH 10.5 was reached. Separately, 

CaCl2•2H2O, Al(NO3)3•9H2O, and Ga(NO3)3•H2O was mixed and added then to 10 ml of 

water. The ratio of the salts was varied depending on the amount of gallium doped into the 

LDHs designed (section 7.3). After mixing, the solution was transferred into a glass Luer 

tip style syringe. This solution was then added into a water/ethanol mixture and pH is 

controlled to be at 10.5 ± 0.1 by adding 2M NaOH. The mixture was stirred continuously 

at 65 
o
C for 2 days. All solid products were isolated by vacuum filtration and washed 

extensively with deionised water to remove impurities, followed by a small amount of 

acetone to facilitate drying. 

 

2.3.1 X-ray powder diffraction data 

The X-ray diffraction patterns of a series of Ca2GaxAl(1-x)-Cl samples (0 < x < 1)  are 

shown in Figure 2.2 and 2.3. The data illustrate that the c parameter (3x interlayer 

spacing) of the Ca2GaxAl(1–x)-Cl; 0 < x < 1 samples are similar. The c parameter of these 

samples varies between 23.3 and 23.6 Å with an approximate 7.8 Å interlayer d-spacing 

due to Cl anion intercalation.
30

 The slight variation of the observed interlayer spacing may 

be due to small variations in the orientation or quantity of the interlayer water. 

 

The XRD pattern of Ca2Al-Cl can be indexed using a rhombohedral unit cell with a = 

5.74, c = 23.3. Small amounts of gibbsite and portlandite are observed in Ca2Al-Cl.   

Ca2Al-LDHs co-precipitate as highly crystalline solids when the pH of the reaction is 

11.5. The LDHs are more crystalline when more gallium is doped into the system. Doping 

with Ga
3+

 has a clear influence on the formation of the LDHs. When x = 0.05 and 0.10, the 

amount of Ga
3+

 ions present is not sufficient to incorporate Ga
3+

 into the layers. The ratio 
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between Ca
2+

 and Al
3+

 in solution is not ideal and Ca(OH)2 and Al(OH)3 form as 

impurities. At higher Ga
3+

 doping, the d-spacing of the (110) Bragg reflection becomes 

slightly larger because the higher amount of Ga
3+

, which has a larger ionic radius than 

Al
3+

. All Ca2GaxAl(1–x)-Cl XRD patterns can be indexed using a rhombohydral unit cell 

with a value range of a between 5.74 Å
28

 and 5.82 Å, while the pattern of Ca2Ga-Cl can be 

indexed using a rhombohedral unit cell with a = 5.82 Å, c = 23.5 Å. A summary of the 

unit cell parameters are given in Table 2.2. 
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Figure 2.2. Summary of the XRD data for Ca2GaxAl(1–x)-Cl LDHs; (a) x = 0, (b) x = 0.05, (c) x = 0.1,        

(d) x = 0.15, (e) x = 0.2, (f) x = 0.3, (g) x = 0.4, (h) x = 0.5, (i) x = 0.6, (j) x = 0.7, (k) x = 0.8, (l) x = 0.9,     

(m) x = 1.0. + corresponds to gibbsite [Al(OH)3] and * corresponds to portlandite [Ca(OH)2]. 
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Figure 2.3. Summary of the powder XRD data showing the (003) and (110) Bragg reflections of (a) – (m) 

Ca2GaxAl(1–x)-Cl LDHs where x = (a) 0, (b) 0.05, (c) 0.1, (d) 0.15, (e) 0.2, (f) 0.3, (g) 0.4, (h) 0.5, (i) 0.6, (j) 

0.7, (k) 0.8, (l) 0.9, and (m) 1.0. * corresponds to portlandite [Ca(OH)2]. 

 

Table 2.2. Calculated unit cell parameters for Ca2GaxAl(1–x)-Cl; 0 < x < 1. 

Ca2GaxAl(1–x)-Cl 

(x) 

Unit cell parameters (Å) 

a  c 

0 5.74 23.3 

0.05 5.74 23.3 

0.1 5.74 23.3 

0.15 5.74 23.5 

0.2 5.76 23.4 

0.3 5.76 23.5 

0.4 5.78 23.5 

0.5 5.78 23.5 

0.6 5.80 23.6 

0.7 5.80 23.6 

0.8 5.82 23.6 

0.9 5.82 23.6 

1.0 5.82 23.5 

#
 x corresponds to the molar amount of Ga(NO3)3•H2O added to the reaction mixture. 
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Figure 2.4. A plot of a parameter of Ca2GaxAl(1–x)-Cl LDHs VS the amount of gallium incorporated in 

Ca2Al-Cl defined by x value from Ca2GaxAl(1–x)-Cl. The x value corresponds to the molar amount of 

Ga(NO3)3•H2O added to the reaction mixture. The a parameters of  Ca2GaxAl(1–x)-Cl LDHs without Ga
3+

 

incorporation present in red circle. 

 

The full width at half maximum (FWHM) values of the (110) Bragg reflections        

(Table 2.3) observed in Ca2GaxAl(1–x)-Cl LDHs are constant for low amounts of Ga
3+

 

doping.  

 

Small change in the full width at half maximum (FWHM) values of the (110) Bragg 

reflections are observed in Ca2GaxAl(1–x)-Cl for x between 0.3 – 0.5 and 0.7 – 0.8 in 

comparison to those of the reflections in Ca2Al-Cl and Ca2Ga-Cl LDHs. Application of 

the Scherrer equation would suggest that the crystalline domain length along the a- and b- 

axes decreases which might be due to the Ga
3+

 doping affecting a distortion of the LDH 

layers. These appears to be no systematic trend in the crystallinity of Ca2GaxAl(1–x)-Cl; 

where 0 < x < 1 along the c- axis.  

 

 



                                                                                                                                 Chapter 2 

36 

Table 2.3. A summary of the selected Bragg reflection positions and line width from the X-ray diffraction 

data for Ca2GaxAl(1–x)-Cl; 0 < x < 1. 

Ca2GaxAl(1–x)-Cl 

(x) 

Bragg Reflection 

(110) (003)  

d-spacing 

(Å) 

2θ 

(
o
) 

FWHM 

(
o
) 

CDS 

(nm) 

d-spacing 

(Å) 

2θ 

(
o
) 

FWHM 

(
o
) 

CDS 

(nm) 

0 2.87 31.1 0.13 62.7 7.75 11.4 0.13 60.7 

0.05 2.87 31.1 0.13 62.7 7.75 11.4 0.13 60.7 

0.1 2.87 31.1 0.13 62.7 7.75 11.4 0.13 60.7 

0.15 2.87 31.1 0.13 62.7 7.82 11.3 0.17 46.4 

0.2 2.88 31.0 0.13 62.7 7.80 11.3 0.17 46.4 

0.3 2.88 31.0 0.17 48.0 7.84 11.3 0.17 46.4 

0.4 2.89 30.9 0.17 48.0 7.84 11.3 0.17 46.4 

0.5 2.89 30.9 0.17 48.0 7.84 11.3 0.13 60.7 

0.6 2.90 30.8 0.13 62.7 7.85 11.3 0.13 60.7 

0.7 2.90 30.8 0.17 47.9 7.86 11.2 0.13 60.7 

0.8 2.91 30.7 0.17 47.9 7.85 11.3 0.17 46.4 

0.9 2.91 30.7 0.13 62.7 7.85 11.3 0.13 60.7 

1.0 2.91 30.7 0.13 62.7 7.82 11.3 0.13 60.7 

FWHM = full width at half maximum, Scherrer equation (CDS = Kλ(βcosθ)
–1

); K = 0.89,
29

           

CDS = Crystalline Domain Size, determined by Scherrer equation. 

  

2.3.2 Infrared spectroscopy data 

FTIR spectra of the Ca2GaxAl(1–x)-Cl; 0 < x < 1 series in Figure 2.5 show the absorptions 

due to the stretching vibration of the hydroxyl groups of the inorganic layers and of the 

interlayer water between 3700-3000 cm
–1

. The O-H bending vibration of the interlayer 

water is observed at 1624 cm
–1

. The stretching vibration of M-O, M-O-M, and O-M-O 

bonds, where M denotes metal atoms, occur between 900 and 600 cm
–1

.
31
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Figure 2.5. IR spectra of (a) – (h) Ca2GaxAl(1–x)-Cl LDHs where x = (a) 0, (b) 0.1, (c) 0.2, (d) 0.4, (e) 0.6,   

(f) 0.8, (g) 0.9, and (h) 1.0. 

 

2.3.3 Electron microscopy study 

The size and morphology of the Ca2GaxAl(1–x)-Cl samples were analysed by scanning 

electron microscopy (SEM). The SEM images (Figure 2.6) show that all samples are 

composed of platelet crystallites around 2µm in size. A number of individual platelets can 

be seen as well as some aggregates. The data suggest that the LDH particles synthesised 

by the co-precipitation method are similar to the morphology of monosulfate (Figure 

2.6(g)), the hydration product of tricalcium aluminate cement paste reacted with gypsum. 

The corresponding EDX analysis indicates that Ga
3+

 cations incorporate into the 

Ca2GaxAl(1–x)-Cl materials when doping gallium with x = 0.15. However, the amount of 

gallium in the isolated LDHs is lower than that used in the reaction. When x is higher than 

0.7, the amount of gallium in the LDH layer is higher than expected. It is possible that 

Al
3+

 can leach out from the layer to achieve the greater proportion of Ga
3+

/Al
3+

 in order to 

form a more stable LDH layer, when Ga
3+ 

is the major trivalent cation present. A summary 

of the EDX analysis of Ga
3+

 loading is detailed in Table 2.4. 
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Figure 2.6. SEM images of Ca2GaxAl(1–x)-Cl; where x = (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8, (f) 1.0, and 

(g) monosulfate (hydration product of cement),
32

 and (h) EDX spectra showing the chemical composition of 

the Ca2Ga-Cl (1), Ca2Ga0.20Al0.80-Cl (2), Ca2Al-Cl (3). 

(a) (b) 

(d) (c) 

(e) (f) 
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Table 2.4. Loading of Ga
3+

 in the Ca2GaxAl(1–x)-Cl materials. 

Ca2GaxAl(1–x)-Cl 

(x) 

Expected  

Ga
3+

/Al
3+

 atomic 

ratio 

Observed 

  (Ga
3+

/Al
3+

 atomic 

ratio) 

Observed 

x 

0 0 0 0 

0.05 0.053 0 0 

0.1 0.11 0 0 

0.15 0.18 0.045 0.043 

0.2 0.25 0.11 0.10 

0.3 0.43 0.24 0.19 

0.4 0.67 0.50 0.33 

0.5 1.00 0.84 0.46 

0.6 1.50 1.35 0.57 

0.7 2.33 2.42 0.71 

0.8 4.00 4.28 0.81 

0.9 9.00 10.8 0.91 

1.0 ∞ ∞ 1.0 
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The variation of the a parameter as a function of the observed gallium incorporation         

(x value) is in agreement with the Vegard’s law,
33-35

 demonstrating the existence of a 

continuous solid solution throughout the series Ca2GaxAl(1–x)-Cl. By linear regression the 

correlation between a parameter and x value can be derived: 

)001.0744.5()002.0081.0(  xa  (Figure 2.7). The equation can be compared to that 

expected for an ideal LDH layer structure built with M(OH)6 octahedra. The a parameter 

of the rhombohedral unit cell for hydrotalcite was found equal to )(2 OHMd  ,where the 

metal-oxygen bond length d(M-OH) is related to main ionic radius within the hydroxide layer 

(d(M-OH) = rm + OH
r ) and 2

dr

da
. In case of the Ca2GaxAl(1–x)-Cl LDHs, the regular 

M(OH)6 octahedra is not an idealised octahedral layer structure due to the coordination 

numbers of Ca
2+

 and Al
3+

 ions in the Ca2Al-LDH structures are 7 and 6. Therefore, the a 

parameter of the rhombohedral unit cell for Ca2GaxAl(1–x)-Cl equal to )( OHMdA  , where    

A = constant calculated from experimental value of a parameter and d(M – OH) of Ca2Al-Cl 

and Ca2Ga-Cl. 

 

The mean ionic radius (rm) can be calculated by the equation below:  

 

        332 )1(33.033.066.0
AlGaCam rxrxrr  Equation 2.1 

 

)(33.0 33  
AlGa

m rr
dx

dr
    Equation 2.2 

 

A value can be calculated by the equation below: 

      

      )( OHMdAa       Equation 2.3 

 

For Ca2Al-Cl, using  74.5
2

ClAlCaa  Å, 99.03 Ca
r  Å, 535.03 Al

r  Å, 53.1OH
r  Å;     

  

      ])33.066.0[( 32
2

  OHAlCaClAlCa rrrAa   Equation 2.4 

 

                        360.274.5  A ,  432.2A    Equation 2.5 
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For Ca2Ga-Cl, using  82.5
2

ClGaCaa  Å, 99.03 Ca
r  Å, 62.03 Ga

r  Å, 53.1OH
r  Å;     

  

    ])33.066.0[( 32
2

  OHGaCaClGaCa rrrAa   Equation 2.6 

 

 388.274.5  A ,  437.2A    Equation 2.7 

 

dx

da
value can be calculated from 

dx

dr

dr

da

dx

da
 , using  62.03 Ga

r  Å, and 535.03 Al
r  Å 

)(33.0 33  
AlGa

rrA
dx

da
    Equation 2.8 

 

068.0)(33.044.2 33   AlGa
rr

dx

da
  Equation 2.9 

 

It can be explained a difference of 
dx

da
value that M(OH)6 octahedra within the LDH layers 

are distorted.
33
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Figure 2.7. A plot of a parameter for Ca2GaxAl(1–x)-Cl LDHs VS the amount of gallium incorporated in 

Ca2GaxAl(1–x)-Cl.  
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2.3.4 Thermogravimetric and elemental analysis 

Thermogravimetric analysis (TGA) was used to determine the thermal stability of the 

Ca2GaxAl(1–x)-Cl series. A typical TGA plot for a Ca2GaxAl(1–x)-Cl (x = 0.8) sample is 

shown in Figure 2.8. The elemental composition of the Ca2GaxAl(1–x)-Cl series can be 

determined from the TGA and EDX, which is summarised in Table 2.5. 

 

From room temperature up to 150°C, cointercalated water is lost from LDH samples. Then 

loss of water from dehydroxylation of the LDH layers occurs. From 400 °C onwards, the 

loss of chlorine occurs. The final product remaining at 800 °C is a mixture of metal oxide, 

Mayenite (Ca12Al14O33), and Lime (CaO) in case of Ca2Al-Cl. For Ca2GaxAl(1–x)-Cl, the 

LDHs decompose to Calcium aluminogallate (CaAlGaO4) and Lime (CaO), while    

Ca2Ga-Cl decomposes to Monocalcium oxogallate (CaGa2O4) and Lime (CaO) at 800 °C. 
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Figure 2.8. TGA plot for Ca2Ga0.8Al0.2(OH)6Cl•3.2H2O. 
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Table 2.5. Chemical composition and formula for Ca2GaxAl(1–x)-Cl series; 0 < x < 1. 

Ca2GaxAl(1–x)-Cl 

(x) 

Ga/Ca  

atomic ratio* 

Al/Ca  

atomic ratio* 
Formula 

0 0 0.50 Ca2Al(OH)6Cl•1.1H2O 

0.05 0 0.50 Ca2Al(OH)6Cl•1.7H2O 

0.1 0 0.50 Ca2Al(OH)6Cl•1.5H2O 

0.15 0.022 0.48 Ca2Ga0.04Al0.96(OH)6Cl0.9•3H2O 

0.2 0.050 0.45 Ca2Ga0.1Al0.9(OH)6Cl•2.6H2O 

0.3 0.097 0.40 Ca2Ga0.2Al0.8(OH)6Cl•2.7H2O 

0.4 0.17 0.33 Ca2Ga0.33Al0.67(OH)6Cl0.9•2.6H2O 

0.5 0.23 0.27 Ca2Ga0.46Al0.54(OH)6Cl•3H2O 

0.6 0.29 0.21 Ca2Ga0.57Al0.43(OH)6Cl•2.6H2O 

0.7 0.35 0.15 Ca2Ga0.71Al0.29(OH)6Cl•3H2O 

0.8 0.41 0.095 Ca2Ga0.81Al0.19(OH)6Cl•3.2H2O 

0.9 0.46 0.042 Ca2Ga0.92Al0.08(OH)6Cl•3.3H2O 

1.0 0.50 0 Ca2Ga(OH)6Cl•2.7H2O 

* Determined by Energy-dispersive X-ray spectroscopy technique. 

 

2.4 Intercalation of organic anions in Ca2Ga-Cl  

Attempts were made to intercalate sodium styrene sulfonate, sodium butene dicarboxylate, 

sodium fumarate and ammonium poly(styrene sulfonate) into Ca2Ga-Cl by ion exchange. 

The X-ray diffraction (XRD) results (Figure 2.9) show that only sodium styrene sulfonate 

intercalates successfully. This is evidenced by a large increase in the c parameter from 

23.35 Å to 54.20 Å (Table 2.6 and Figure 2.10). The starting materials were destroyed by 

reaction with sodium fumarate and ammonium poly(styrene sulfonate). The XRD pattern 

for Ca2Ga-fumarate is amorphous and the Ca2Ga-Cl LDH dissolves when reacted with 

ammonium poly(styrene sulfonate). There is no reaction of the LDH with sodium butene 

dicarboxylate: the c parameter is not changed. As can be seen, the Ca2Ga-butene 

dicarboxylate pattern also shows an impurity, which is identified as calcium carbonate. It 

is presumed that calcium ions leach from the LDH into the solution and form calcium 

carbonate by reacting with CO2. 
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Figure 2.9. Powder XRD patterns of (a) Ca2Ga-Cl, (b) Ca2Ga-styrene sulfonate, (c) Ca2Ga-fumarate, and 

(d) Ca2Ga-butene dicarboxylate ( *  = CaCO3 reflections). 

 

Table 2.6. Calculated unit cell parameters of Ca2Ga-styrene sulfonate LDH compared with the precursor 

compound. 

Sample name 
unit cell parameter (Å) 

Interlayer distance (Å) 
a  c 

Ca2Ga-Cl 5.81 23.35 7.78 

Ca2Ga-styrene sulfonate  5.82 54.20 18.07 
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Figure 2.10. (a) Schematic illustration of Ca2Ga-styrene sulfonate structure, and (b) the molecular structure 

of styrene sulfonate. 
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2.5 Conclusions 

The effects of pH on the synthesis of Ca2Ga-Cl have been studied. Highly crystalline 

Ca2Ga-Cl can be prepared by the co-precipitation method at pH 10.5 ± 0.1. The XRD 

pattern of Ca2Ga-Cl can be indexed using a rhombohedral unit cell with a = 5.82 Å, c = 

24.0 Å. 

 

The synthesis of the Ga-doped Ca2Al(OH)6Cl•nH2O LDHs (Ca2GaxAl(1–x)-Cl; where         

0 < x < 1) has been investigated. The XRD patterns for Ca2GaxAl(1–x)-Cl LDHs can be 

indexed using a rhombohedral unit cell with a value range of a parameter between 5.74 Å 

and 5.82 Å. The a parameter of Ca2GaxAl(1–x)-Cl increases with the amount of loading 

Ga
3+

 due to the larger ionic radii of Ga
3+

 cations. The a parameter varies linearly with 

Ga
3+

 composition (Vegard’s law) indicates that a solid solution forms over the full 

composition range. 

 

The intercalation of organic anions including; sodium styrene sulfonate, sodium butene 

dicarboxylate, sodium fumarate and ammonium poly(styrene sulfonate), in Ca2Ga-Cl 

structure has been studied. Only Ca2Ga-styrene sulfonate was successfully synthesised.  
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Chapter 3: Intercalation of Lignosulfonate, Naphthalene 

Sulfonate and Polycarboxylate into Ca2Al-NO3 LDH and A 

Study of Their Effects on Cement Hydration 

   

3.1 Introduction 

Construction materials, especially concrete, are crucially important for mankind; concrete 

is the second largest used substance after water and at present the worldwide annual 

consumption of concrete is more than 11 billion m
3
.
1
 Cement is a hydraulic binder, i.e. a 

finely ground inorganic material which, when mixed with water, forms a paste which sets 

and hardens by means of hydration processes and which, after hardening, retains its 

strength and stability, even underwater.
1
 According to International Energy Agency (IEA) 

data in 2007, approximately 9% of global manmade CO2 emission are a result of cement 

production.
2
 Demand for cement in industrial nations is increasing slowly, however in 

developing countries it rose by 55% in the 1990s. China accounted for 56 percent of world 

cement demand in 2010 while Thailand is the eighth largest global cement producer with 

40 Mt/yr production in 2005. Nowadays, construction material manufacturers are fully 

aware of the environmental concerns, and so seek ways to consume less energy and 

natural resources, and emit less CO2 gas.
3-10

 CO2 emission can be reduced by using less 

energy in cement production;
10 

this could be achieved by producing different types of 

cement, such as Calcium Sulfoaluminate Cement.
10-12 

This requires lower production 

temperatures than conventional cement (by 100 °C) and less CaCO3 is used in its 

preparation. Another solution is to introduce novel additives as components in the cement 

composition. 

     

The inorganic chemistry and crystalline phase evolution during cement hydration is very 

complex. The hydration reactions of cement are normally related to the heterogeneous 

reactions of cement powder, which includes several minerals. The formation of hydration 

products and the development of the micro-structural features are dependent on both 

subsequent interfacial reactions (topochemical phenomena) and solid-state reactions. The 

relative reactivity of the different cement phases with water is as follows: tricalcium 

aluminate (Ca3Al2O6) > tricalcium silicate (Ca3SiO5) > dicalcium silicate (Ca2SiO4) ≈ 

tetracalcium aluminoferrite (Ca2(AlxFe1-x)2O5; 0 < x < 0.7).
13

 Normally, the aluminate 
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phases and their hydration products play an important role in the early hydration 

processes.
1, 14

 At very early ages (0 – 1 hour), the behaviour of hydrating cement is 

governed by hydration reactions of the aluminate cement phases (Ca3Al2O6). 

 

If tricalcium aluminate (Ca3Al2O6, C3A) is allowed to hydrate rapidly, it gives rise to an 

undesirable quick set, called a ‘flash set’, forming hydrogarnet (Ca3Al2(SiO4)3-x(OH)4x;     

0 ≤ x ≤ 3) and calcium hydroaluminate [Ca2Al(OH)7•6H2O, hydroxy AFm].
15-17

 Gypsum 

(CaSO4) is introduced by grinding with the cement clinker to act as a regulator for the 

hydration of cement in order to achieve acceptable setting characteristics. Under these 

conditions, the flowability and plasticity of the paste is preserved until the formation of 

cement hydrate phases and induces normal setting. Calcium sulfate reacts with tricalcium 

aluminate (Ca3Al2O6) at room temperature to form the calcium trisulfoaluminate hydrate 

known as sulfate ettringite [Ca6Al2(SO4)3(OH)12•26H2O, AFt].
18

 As gypsum becomes 

increasingly consumed (after 8 – 16 hours approximately), Friedel’s salt 

(Ca2Al(OH)6[Cl1−x(OH)x]•3H2O; 0 < x < 1) will be formed in significant quantities. It 

reacts with ettringite to give a calcium monosulfatoaluminate hydrate, called monosulfate 

[Ca2Al(SO4)0.5(OH)6•3H2O, Ca2Al-SO4, also called AFm].
19

 The formation of 

monosulfate at 25 
o
C takes around 8 – 11 days.

20
 The AFm phase has a complex chemical 

and structural constitution in cement mixtures as this phase exhibits anion exchange 

reactions, so that its composition depends on the chemical environment.   

 

3.1.1 Interesting anions in cement solution 

During cement hydration, there are various cations and anions released into the system. At 

the beginning, the cement phases from the clinker-surface hydrate. Tricalcium aluminate 

(C3A) is the most reactive phase releasing calcium and aluminium cations (Figure 3.1). 

These ions react in minutes with sulfate from gypsum (CaSO4) to form an ettringite (AFt) 

precursor gel and Ettringite (AFt) needles, while tricalcium silicate release calcium cations 

and silicate anions to form calcium silicate hydrate (C-S-H) on the cement grains, and 

Ca(OH)2 which causes the pH of the solution to become alkaline. The chemical formula 

for calcium silicate hydrate (C-S-H) depends on Ca/Si atomic ratio. The Ca/Si ratio of 

Tobermorite [Ca5Si6O16(OH)2•4H2O] is 0.83, while Jennite [Ca9Si6O18(OH)6•8H2O] 

contains the Ca/Si ratio of 1.5.
21-24

 CO2 in the air can easily dissolve in the solution at high 

pH introducing carbonate ions.
25
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Figure 3.1. Summary of the ionic composition during the cement hydration process.
13

 

 

After the initial period, cement hydration slows down and the induction period begins 

which lasts around 3 hours. Subsequently, the reactivity enters the acceleration period. 

During the period between 3 hours to a day after mixing, the C-S-H formation happens in 

two phases. The first stage induces the outer C-S-H production with growth out from the 

ettringite needles. The latter stage of C-S-H production occurs directly from the surface 

grains after a 10 hour period; this is due to the ions released from clinkers that are capable 

of penetrating through the hydrated phase into solution. 

 

Cement grain 

Surface 
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After 18 hours, tricalcium aluminate continues react with gypsum to form longer ettringite 

needles. The network of ettringite and C-S-H appears to form a hydrating shell and inner 

C-S-H forms inside this shell.
17

  After 1–3 days of hydration, reactions slow down again 

and the deceleration period begins. Ettringite further reacts with excess sulfate in the 

system to produce monosulfate. The rate of hydration at this stage is likely dependent on 

the diffusion of water and ions into the anhydrous phase. After 2 weeks, the gaps between 

the hydrating shells and the cement grains are filled by inner C-S-H phases. The products 

from each hydration reaction occur according to their own reaction mechanism, reaction 

time and reaction rate. Most of the reactions in the cement hydration process are 

exothermic, the stages of the evolution of hydrating cement can be identified from the heat 

evolution curve shown in Figure 3.2. 

 

 

Figure 3.2. Schematic plot the of heat evolution during the hydration of Portland cement at 20 
o
C.

1, 17  
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3.1.2 Chemical admixtures 

To be suitable for a variety of building material applications; for example rebuilding, 

repair, construction, or making building components, cement manufacturers need to add a 

range of chemicals to all concrete formulations. Chemical admixtures are often used to 

alter the course of cement hydration reactions and the properties of fresh or hardened 

concrete. The goal of some chemical admixtures is to allow cement compositions to 

exhibit sufficient dispersibility when the amount of water is reduced. In addition, many 

features need to retain fluidity and processability as well as exhibiting improved durability 

and strength as a result of water reduction. Furthermore, the admixtures must ensure that 

the compositions of concrete or mortar mixture retain the correct end-product 

characteristics.
26

 

 

The American Society for Testing and Materials (ASTM)
27

 has classified hydraulic-

cement concrete admixtures for specific purposes as follows: 

Type A – Water-reducing admixtures 

Type B – Retarding admixtures 

Type C – Accelerating admixtures 

Type D – Water-reducing and retarding admixtures 

Type E – Water-reducing and accelerating admixtures 

Type F – Water-reducing and high range admixtures 

Type G – Water-reducing, high range and retarding admixtures 

Type S – Specific performance admixtures 

 

 

Water-reducing agents (called ‘Superplasticisers’) are commonly used in concrete 

technology to improve the workability of cementitious systems. They are adsorbed on the 

cement particles and act as dispersants by electrostatic and/or steric repulsion effects 

(Figure 3.3). The negative zeta potential of cement particles in pastes can be increased by 

adding superplasticisers, causing larger electrostatic repulsive forces between cement 

particles. The resulting steric repulsion of cement particles help to avoid the formation of 

agglomerates. As a result, the water requirement of a concrete or mortar mixture for a 

given workability can be reduced, without losing its ability to maintain density and 
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strength. The workability of concrete or mortar mixtures can hence be increased while 

water content remains fixed, providing unchanged workability and strength.
28-31

  

                                                                                                                                                                                                                                                                                                                                                 

 

 

 

 

 

 

 

 

Figure 3.3. Schematic illustration showing the separation of cement particles due to electrostatic effect and 

the steric effects of the superplasticiser.
28, 30, 32

  

 

However, the workability of cement-based materials containing superplasticisers also 

depends on various other parameters. The chemical composition and the molecular 

structure of the admixture has an influence on the rheology. The chemical composition of 

cement phases, especially the amount of tricalcium aluminate (C3A) present and the 

availability of sulphate ions during early hydration, has a pronounced effect on the 

performance of the superplasticisers.
33

 

 

Negative cement surface 

Neutral cement surface 

Positive cement surface modified charge by a superplasticiser 
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Lignosulfonate is one of the water reducers categorised as type D (Water-reducing and 

retarding admixtures). This superplasticiser is an intrinsically complex biopolymer derived 

from chemical degradation of lignin, a by-product from the acid sulphite wood-pulping 

process. Lignin is an amorphous, cross-linked, and three-dimensional polyphenolic 

substance (Figure 3.4). There is no single defined structure of lignin and it varies from 

source to source.
34

 Lignin is formed through nonselective condensation of three phenolic 

alcohol units (monolignols)
35

: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, 

depicted in Figure 3.5 (5-Hydroxyconiferyl units have also been detected in 

lignocellulosic materials in low amounts.
36

) The ratio of the three major alcohols changes 

with cell and plant type. Whereas lignin from grasses is made up of all three alcohols, 

lignin in softwood is predominantly built from coniferyl alcohol, and hardwood lignin 

from coniferyl and sinapyl alcohol. 

 

 

Figure 3.4. An example illustrating one of the proposed substructures for lignin. 
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Figure 3.5. The structures of phenolic alcohol units (monolignols): (a) p-coumaryl alcohol, (b) coniferyl 

alcohol, and (c) sinapyl alcohol. 

 

The crude-form of lignosulfonate contains many impurities such as pentose and hexose 

sugars which are powerful retarders. The impurities can be removed by fermentation 

followed by distillation. Calcium and sodium salts of lignosulfonate are most commonly 

used in admixture production. The purification and fractionation of crude lignosulfonate 

have enabled selection of products within a range of molecular weights. There is evidence 

that water-reducing capability increases with increasing molecular weight and decreasing 

carbohydrate content. 

 

High-range water-reducing admixtures (type F) can be used at significantly higher dosages 

than ordinary water-reducing admixtures without unfavourable side effects such as the 

gross retardation for concrete setting.
37

 These additives allow the volume of water to be 

greatly reduced while retaining the normal workability of concrete. All superplasticisers 

classified as type F consist of high molecular weight, water-soluble polymers, and are 

mostly synthetic admixtures, for example, sulfonated melamine-formaldehyde 

condensates and sulfonated naphthalene-formaldehyde condensates (Figure 3.6).
17

 

 

Currently, the dosage requirement of these type F additives is excessive because of their 

rapid absorption onto the cement surface, the aggregation of the additives and the 

inefficient release kinetics. There are a number of publications on different approaches to 

improve the efficiency of additives.
38

  

 

 

     

(a) (b) 

 

 

 

(c) 
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Figure 3.6. The structures of (a) sulfonated melamine-formaldehyde condensates, and (b) sulfonated 

naphthalene-formaldehyde condensates. 

 

In recent years, a new class of superplasticisers has been studied, often referred to as 

polycarboxylate based comb polymers, which consist of one main linear chain with lateral 

carboxylate and ether groups (Figure 3.7).
30, 39

 These compounds are designed by 

controlling side chain density, side chain length or the molecular weight of the polymer, 

which affect the efficiency of superplasticisers.
40

 Dispersion is due to electrostatic 

repulsion (as in melamine and naphthalene admixtures) owing to the carboxylate groups, 

but also to the steric repulsion associated with the long lateral ether chains. The shorter 

main linear chain or longer and more numerous lateral chains of polycarboxylate can 

extend the fluidity duration of concrete or mortar mixtures. This new superplasticiser class 

has emerged as having the unique ability to improve the quality and economics of 

concrete products resulting from the increase of the electrostatic and steric repulsive force 

which is related to increasing dispersion of cement and cement hydrated particles.
28, 41
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Figure 3.7. The structure model of comb based polycarboxylate n1 units modified by polyethylene oxide n2 

units.
28, 41, 42

 n1 and n2 are typicalliy in the range of 20 – 100. 

 

Hydrocalumite-like structures [Ca2Al(OH)6
+
X1/n

n–
•yH2O, Ca2Al-X LDHs] are significant 

byproducts, for example monosulfate [Ca2Al(OH)6(SO4)0.5•3H2O, AFm] phases which 

occur from the cement hydration of calcium aluminate (C3A). The structure of Ca2Al-X 

LDHs contains positively charged mixed metal hydroxide layers separated by charge-

balancing hydrated anions between layers. The interlayer anions may be replaced through 

an anion exchange process. LDH-like materials can be used as models to obtain a better 

understanding of the interaction between organic admixtures and the cement phases.
38 

Furthermore, it may be possible to use LDHs to enhance the properties of cement. One 

way in which this may be achieved is by the intercalation of the superplasticisers used as 

additives in cement applications into LDHs. These additive-intercalated LDHs could 

become very effective multi-functional releasing additives in concrete. If successful, this 

would constitute a novel additive system for use in cement. 

 

3.1.3 Objectives of this work 

In this chapter, the primary objective is the synthesis of new intercalated calcium 

aluminum LDHs (Ca2Al-LDHs) for use in cement applications. Lignosulfonate, 

naphthalene sulfonate and polyacrylate are chosen as target guests for intercalation to 

compare their performance with the commercial cement additives; lignosulfonate-based 

superplasticiser (type D), sulfonated naphthalene-formaldehyde condensates (type F), and 

polycarboxylate (PC6). This chapter also studies kinetics of anion release from the new 
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Ca2Al-LDHs in cement solution. This chapter also investigates the mechanical properties 

of the LDH-doped cement paste using an ultrasound-shear wave reflection technique. 

 

3.2 Intercalation of superplasticisers in Ca2Al-NO3 LDH 

Lignosulfonate, naphthalene sulfonate and polyacrylate were intercalated into calcium 

aluminum nitrate LDH [Ca2Al(OH)6(NO3)•6H2O, Ca2Al-NO3] by the ion-exchange 

method. The structures of the target guest anions used are shown in Figure 3.8. 

 

              

 

 

Figure 3.8. Molecular structures of selected superplasticisers: (a) sodium 2-naphthalene sulfonate, (b) 

sodium polyacrylate; n = 1,000, and (c) sodium lignosulfonate. 

 

2.4 g of selected superplasticisers were added separately into deionised water. The pH in 

these solutions was adjusted to 11.5. The solution containing superplasticiser in each 

reaction was heated at 40 
o
C before adding 1 g of nitrate-intercalated Ca2Al-LDH 

[Ca2Al(OH)6(NO3)•6H2O, Ca2Al-NO3]. All reactions were left at 40 
o
C under N2 gas for 

16 hours. The solid products were isolated by vacuum filtration and then washed with 

deionised water. 

 

3.2.1 X-ray powder diffraction 

X-ray powder diffraction was initially used to indicate the replacement of the nitrate 

anions in Ca2Al-NO3 by the superplasticisers. The XRD patterns of the Ca2Al-NO3 host 

material and superplasticiser-intercalated Ca2Al-LDHs are shown in Figure 3.9. All the 

XRD patterns have been successfully indexed to a hexagonal cell where a = b = 5.74 Å 

(a) (b) 

 

 

 

(c) 
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and c-parameter varying from 22 – 35 Å (Table 3.1); Full XRD data is included in 

Appendix I.  
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Figure 3.9. X-ray diffraction patterns of (a) Ca2Al-OH, (b) Ca2Al-NO3, (c) Ca2Al-naphthalene sulfonate, 

(d) Ca2Al-lignosulfonate, and (e) Ca2Al-polyacrylate. * marked the observation of Bragg reflections of 

Ca2Al-NO3. 

 

The XRD data indicates an expansion of Ca2Al-layers, as observed from the position of 

the (002) Bragg reflections, due to superplasticiser intercalation. For the naphthalene 

sulfonate-intercalated Ca2Al-LDH (Ca2Al-naphthalene sulfonate) (Figure 3.9(c)), the 

diffraction pattern shows that the material is highly crystalline. The observed interlayer 

spacing is consistent with a bi-layer orientation of the naphthalene sulfonate. The 

schematic illustration of Ca2Al-naphthalene sulfonate and the molecular structure of 

naphthalene sulfonate are shown in Figure 3.10. 
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Figure 3.10. (a) Schematic illustration of possible Ca2Ga-naphthalene sulfonate structure, and (b) the 

molecular structure of naphthalene sulfonate. 

 

The XRD data for the lignosulfonate-intercalated Ca2Al-LDH (Ca2Al-lignosulfonate) 

(Figure 3.9(d)) is very broad which indicates a material with very low crystallinity 

presumably due to the structural variation of the lignosulfonate anions; as a result the 

structural orientation of the lignosulfonate within the layers is currently unknown. It is 

possible that the low molecular weight chains of the lignosulfonate solution may 

selectively intercalate into the Ca2Al-LDH structure. Polyacrylate can also replace the 

nitrate anions in the LDH host as observed from the XRD pattern shown in Figure 3.9(e). 

The XRD pattern indicates that the structure is less crystalline than Ca2Al-naphthalene 

sulfonate. The long chains of the acrylate polymers may be responsible for the poorer 

crystallinity of the LDH structure. The (002) and (004) Bragg reflections of Ca2Al-NO3,
43, 

44
 marked as * in Figure 3.9, can be found as impurities in Ca2Al-lignosulfonate and 

(a) 

(b) 
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Ca2Al-polyacrylate, corresponding to the presence of the nitrate absorption from IR data 

of Ca2Al-lignosulfonate Section 3.2.2.  The d-spacing data of the Ca2Al-LDH 

superplasticiser intercalates is summarised in Table 3.1. 

 

Table 3.1. d-spacing (Å) of superplasticiser intercalates and comparison with hydroxide- and nitrate-

intercalated Ca2Al-LDH. 

 Guest intercalates in Ca2Al-LDH 

 Hydroxide Nitrate 
Naphthalene 

sulfonate 
Lignosulfonate Polyacrylate 

c parameter (Å) 15.16 17.21 35.47 27.80 22.53 

#
 a = b = 5.74 Å indexed as a hexagonal unit cell. 

 

 

3.2.2 Infrared spectroscopy data  

The FTIR spectra of the Ca2Al-superplasticiser materials all exhibit broad absorption 

bands over the range 3700-3000 cm
–1

, with absorption maxima around 3670 cm
–1

 and       

3450 cm
–1

 due to the stretching vibrations of the hydroxyl groups of the inorganic layers 

and of interlayer water (Figure 3.11 - Figure 3.13). 

 

The IR spectrum for Ca2Al-naphthalene sulfonate is shown in Figure 3.11. The 

absorbance for the C-H stretching vibration, C=C and C-H bending vibration are observed 

at 3030, 1500 and 860 cm
–1

, respectively.  Weak absorption bands at 1637 and 965 cm
–1

 

are assigned to bending vibrations of the interlayer co-intercalated water molecules. The 

asymmetric and symmetric ν(S=O) stretching
45, 46

 modes are observed at 1213 and 1060 

cm
–1

 and the ν(O=S=O) bending is observed at 720 cm
–1

. The IR spectrum of a bulk 

sample of CaAl-NO3 exhibits features at 1415 and 1348 cm
–1

 due to the presence of 

intercalated NO3
–
 anions (Figure 3.11(a)), which are not observed in the IR absorption 

spectrum of the Ca2Al-naphthalene sulfonate phases. 
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Figure 3.11. IR spectra of (a) Ca2Al-NO3, (b) Ca2Al-naphthalene sulfonate, and (c) sodium naphthalene 

sulfonate. 

 

The IR data of Ca2Al-lignosulfonate is shown in Figure 3.12; there are various functional 

groups on the structure of lignosulfonate because of the huge and complex molecular 

structure, thus several weak absorbances are observed in the IR spectrum.
47

 Absorbances 

due to the aromatic functional group can be found at 3030, 1500 and 860 cm
–1

; these 

represent the C-H stretching, C=C bending, and C-H bending. The O-H stretching 

vibration of an alcohol functional group is present at 3200 cm
–1

. The absorption bands of 

alkenyl C-H, alkenyl C=C, and alkyl C-H stretching vibrations occur at 3010, 1680, and 

2950 cm
–1

, respectively. The stretching vibration of the ketone C=O functional group can 

be observed at 1700 cm
–1

. The sulfonate functional group gives asymmetric and 

symmetric ν(S=O) stretching absorbances at 1213 and 1060 cm
–1

 and the ν(O=S=O) 

bending mode at 720 cm
–1

.
47

 The weak IR spectrum of nitrate can be found in Ca2Al-

lignosulfonate at 1415 and 1348 cm
–1

. 
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Figure 3.12. IR spectra of (a) Ca2Al-NO3, (b) Ca2Al-lignosulfonate, and (c) sodium lignosulfonate. 

 

The IR spectrum of Ca2Al-polyacrylate (Figure 3.13), show absorbance due to the 

asymmetric stretching vibration of CH3, and the asymmetric and symmetric stretching 

vibrations of the CH2 moiety of the polymer chain appear at 2957, 2919 and 2850 cm
–1

, 

respectively. The C=O stretching vibration of the carboxylate ion occurs at 1600 cm
–1

.
48, 49
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Figure 3.13. IR spectra of (a) Ca2Al-NO3, (b) Ca2Al-polyacrylate, and (c) sodium polyacrylate. 

 

3.2.3 Electron microscopy study 

Scanning electron microscopy (SEM) was used to observe the morphology and particle 

size of the superplasticiser-intercalated Ca2Al-LDHs. Ca2Al-NO3 obtained using            

co-precipitation gives platelet-shaped particles that are 10 micron in platelet diameter. 

After intercalation, the morphology and particle size of all the post-intercalated samples 

appear relatively consistent. It is postulated that the structure of the LDH materials were 

not destroyed during intercalation due to the topotactic process. The SEM images of the 

intercalated materials show little change in the thickness of the particles. 
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Figure 3.14. SEM images of (a) Ca2Al-NO3, (b) Ca2Al-naphthalene sulfonate, (c) Ca2Al-lignosulfonate, 

and (d) Ca2Al-polyacrylate. 

 

Energy-dispersive X-ray spectroscopy (EDX) was used to estimate the elemental 

composition. The small amount of sulfur detected corresponds to the sulfonate functional 

groups in naphthalene sulfonate and lignosulfonate intercalated Ca2Al-LDHs. The Ca/Al 

atomic ratios of all samples after the ion-exchange reaction are in the range between 1.8 

and 2.3 which are relatively close to that of the starting material. 
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Table 3.2. Atomic percentage of elements analysed by Energy-Dispersive X-ray spectroscopy technique 

(EDX). 

  Atomic%   

Intercalated Ca2Al-LDHs Ca Al S Ca/Al atomic ratio 

Nitrate 7.8 4.1 - 1.9 

Naphthalene sulfonate 7.8 3.3 3.8 2.4 

Lignosulfonate 7.0 4.1 1.6 1.8 

Polyacrylate 6.4 3.5 - 1.8 

 

3.2.4 Thermogravimetric and elemental analysis 

The Ca2Al-superplasticiser LDHs were characterised by using thermogravimetric analysis 

(TGA) and elemental analysis to determine the amount of water and superplasiciser 

intercalated in the LDHs. 

 

The TGA plot for Ca2Al-naphthalene sulfonate shown in Figure. 3.15, the cointercalated 

water is lost at temperatures up to 150 °C, followed then by the loss of water from the 

hydroxide layers. From 400 °C onwards, the decomposition of guest anions occurs, 

resulting in a final product which is a mixture of Mayenite (Ca12Al14O33, JCPDS              

01-070-2144), and Lime (CaO, JCPDS 00-048-1467). The other organic intercalates all 

behave very similarly. 
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Figure 3.15. TGA plots for (a) Sodium naphthalene sulfonate, and (b) Ca2Al-naphthalene sulfonate from 

30 to 700°C. 

 

The compositions of the organic-inorganic hybrid materials were calculated from 

thermogravimetric analysis and elemental analysis data, which are summarised in Table 

3.3. 

 

Table 3.3. Elemental analysis data for  Ca2Al-superplasticiser materials. 

Intercalated Ca2Al-LDHs 

Chemical composition, obs. (calc.)/(wt%) 

C H N Formula 

Naphthalene sulfonate 22.9 4.2 0.0 [Ca2Al(OH)6](C10H7SO3)0.85•3.4H2O 

(22.9) (4.2) (0.0)  

Lignosulfonate 10.3 4.5 0.0 [Ca2Al(OH)6](C9H8SO5)0.33•3.5H2O 

(10.3) (4.5) (0.0)  

Polyacrylate 9.2 4.9 0.0 [Ca2Al(OH)6](C3H3O2)•4.2H2O 

(9.3) (4.9) (0.0)  

Nitrate 0.0 4.8 3.6 [Ca2Al(OH)6](NO3)•6H2O 

(0.0) (4.8) (3.7)  

#The formula of lignosulfonate was approximately C9H8SO5
3– 
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3.3 Release of superplasticisers from intercalated Ca2Al-LDHs 

The ionic composition of the liquid phase in cement plays a significant role in the 

hydration process, as do the additional chemicals added to the system. Understanding the 

effects of ionic composition on additives release can reveal how these additives have an 

influence on cement hydration. It is possible that anions released from cement grains 

could intercalate into the LDHs, thus replacing and promoting entry of additives into the 

liquid phase. To investigate this hypothesis, solutions containing the anions of interest 

including; hydroxide, silicate, sulfate and carbonate, were used to study the effects on the 

release of superplasticisers from LDHs. 

 

To measure the release from the superplasticiser intercalated Ca2Al-LDHs, each was 

introduced into various solutions containing anions expected to appear in a generic cement 

solution and also into a real cement pore solution isolated from cement paste  (water to 

cement ratio = 0.8) without stirring to simulate cement hydration. The amount of LDH 

added per sample was chosen to be the same concentration as the superplasticiser used in 

commercial concrete applications (0.4%). The mixed solutions were then separated by 

centrifugation. Images of the isolated solutions following lignosulfonate release are shown 

in Figure 3.16. All separated solution were analysed by UV-VIS spectroscopy. The UV 

absorbance of naphthalene sulfonate, and lignosulfonate occur at 228 and 280 nm
 

respectively.
34

 The intensities of the absorption maxima were calibrated using a series of 

standard solutions. The percentage release of naphthalene sulfonate and lignosulfonate 

were calculated in comparison with the absorbance of superplasticiser-intercalated    

Ca2Al-LDHs in HCl solution. Release profiles for Ca2Al-naphthalene sulfonate and 

Ca2Al-lignosulfonate are shown in Figure 3.17 and 3.18, respectively. 
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Figure 3.16. Images of the separated solutions following lignosulfonate release studies compared with                

Ca2Al-lignosulfonate digested in HCl solution (A), and sodium lignosulfonate solution (B) containing 

lignosulfonate the same concentration as in (A).  
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The release of naphthalene sulfonate and lignosulfonate from the LDHs varies 

significantly depending on the pH and the nature of the anions in the solution. The release 

of the guests in water at pH 7 (Figure 3.17(a) and 3.18(a)) were evidently constant after 30 

minutes while at a higher pH of 13.3 (Figure 3.17(b) and 3.18(b)), which is the observed 

pH in cement paste, resulted in a slight increase. The release profiles of naphthalene 

sulfonate and lignosulfonate in silicate solution (Figure 3.17(c) and 3.18(c)) are quite 

similar to the profiles of the guests in water at pH 13.3. In sulfate solution,                

Ca2Al-naphthalene sulfonate exhibits a much greater quantity of anion release compared 

to Ca2Al-lignosulfonate. The rate of release of the guests (Figure 3.17(e) and 3.18(e)) in 

carbonate solution increases much more rapidly than in other solutions due to the 

formation of calcium carbonate, as can be seen using XRD of the solid residues after the 

release, discussed later in Section 3.5. In almost every set of conditions, the overall release 

from Ca2Al-naphthalene sulfonate is greater than Ca2Al-lignosulfonate, possibly because 

of the smaller size of the naphthalene sulfonate. Naphthalene sulfonate anions can be 

replaced by various anions in solution; however, it is unable to reach complete release 

after 2 days.  

 

Summary of the long time scale anion release efficiencies: 

For Ca2Al-naphthalene sulfonate; 

CO3
2–

 > SO4
2–

 > Si3O7
2–

 ≈ water pH 13.3 ≈ water pH 7 

 

For Ca2Al-lignosulfonate; 

CO3
2–

 > Si3O7
2–

 ≥ water pH 13.3 > SO4
2–

 > water pH 7 
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Figure 3.17. Release profiles of Ca2Al-naphthalene sulfonate determined from the concentration of 

released naphthalene sulfonate in (a) water pH 7, (b) water pH 13.5, (c) Na2Si3O7 solution, (d) Na2CO3 

solution, and (e) Na2SO4 solution. Solid lines are just guides to the eye. 
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Figure 3.18. Release profiles of Ca2Al-lignosulfonate determined from the concentration of released 

lignosulfonate in (a) water pH 7, (b) water pH 13.5, (c) Na2Si3O7 solution, (d) Na2CO3 solution, and (e) 

Na2SO4 solution. Solid lines are just guides to the eye. 
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In a simulated cement solution, Ca2Al-naphthalene sulfonate releases its anion at a faster 

rate than Ca2Al-lignosulfonate, with 11.3 % more of the intercalated anion released after 

the first 5 minutes. The release of both superplasticisers then gradually increases with an 

18 % difference after a 5-hour period. The release of the anions was lower than originally 

anticipated. It is possible that the simulated cement solution from the extraction process 

was isolated without exposure to CO2 from the air as would be the case in general cement 

preparation. The amount of CO3
2–

 in cement solution – to replace the anions between LDH 

layers and form CaCO3 to release additives into the solution – is therefore less. Hence, the 

cause of a lower release of  the anions into the solution compared to the other studies. 
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Figure 3.19. Release profiles of (a) Ca2Al-naphthalene sulfonate, and (b) Ca2Al-lignosulfonate in cement 

solution over the reaction time (water/cement ratio = 0.8). Solid lines are just guides to the eye. 
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3.4 Kinetic modelling of anion release from superplasticiser-intercalated 

Ca2Al-LDHs 

The anion release data from the superplasticiser-intercalated Ca2Al-LDHs, were fitted to a 

range of release models. Release kinetics models have commonly been used to determine 

mechanistic data and calculate kinetics paremeters of reactions. Over the years, there are 

many kinetics models determined depending on the definition of the models. For example, 

Michaelis-Menten model is used to determine the kinetics of enzyme.
50

 The Avrami-

Erofe’ev model, the first-order model, the modified Freundlich model, and the parabolic 

diffusion model have been chosen for data fitting. The selected kinetics models are 

normally used for the study of ion-exchange kinetics in layered materials. The definition 

of the kinetics models and the detailed fitting of the superplasticiser release profiles are 

given in Appendix II and Appendix III. The kinetic data was fitted between t = 0 and t = 

24 hours.  The correlation coefficients of the fit to each of the kinetic models
51

 are 

summarised in Tables 3.4, and 3.5. 

 

For Ca2Al-naphthalene sulfonate, the parabolic diffusion model and the Freundlich model 

reveal best fits with r
2
 values ranging between 0.85 and 0.99 in each of the different anion 

solutions shown in Table 3.5.  

 

Table 3.4. Correlation coefficient (r
2
) for the least squares fits to the selected kinetic models for the 

naphthalene sulfonate release of Ca2Al-LDH in different anion solutions. 

  Correlation coefficient (r
2
) 

Equation
# 

Water 

pH 7 

Water    

pH 13.5 

Na2Si3O7 Na2SO4 Na2CO3 Cement Solution        

(w/c =0.8) 

Avrami-Erofe’ev model 

α = 1– exp(-ktn) 

0.00 0.94 0.94 0.84 0.10 0.98 

The first-order model 

        dCA/dt = – k’CA  

0.26 0.36 0.29 0.73 0.05 0.85 

Freundlich model 

α = KFCe
1/n 

0.90 0.86 0.85 0.90 0.82 0.96 

Parabolic diffusion model 

(α/t = (4/π1/2)(D/r2)1/2(1/t1/2) – (D/r2)) 

0.95 0.97 0.96 0.95 0.95 0.99 

#
Full details of kinetic models can be found in Appendix III. 

 

The best fits for the lignosulfonate release data (Table 3.5) are also observed for both the 

parabolic diffusion model and the Freundlich model. 
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Table 3.5. Correlation coefficient (r
2
) for the least squares fits to the selected kinetic models for the 

lignosulfonate release from Ca2Al-lignosulfonate in different anion containing solutions. 

  Correlation coefficient (r
2
) 

Equation Water 

pH 7 

Water    

pH 13.5 

Na2Si3O7 Na2SO4 Na2CO3 Cement Solution 

(w/c =0.8) 

Avrami-Erofe’ev model 

α = 1– exp(-ktn) 

0.89 0.89 0.67 0.78 0.96 0.92 

The first-order model 

        dCA/dt = – k’CA  

0.58 0.35 0.17 0.91 0.75 0.80 

Freundlich model 

α = KFCe
1/n 

0.89 0.95 0.90 0.95 0.96 0.98 

Parabolic diffusion model 

(α/t = (4/π1/2)(D/r2)1/2(1/t1/2) – (D/r2)) 

0.97 0.93 0.99 0.95 0.97 0.99 

#
Full details of kinetic models can be found in Appendix III. 

 

For the parabolic diffusion model, the least squares fitting (Appendix III) have been used 

to obtain a modified diffusion coefficient (D/r
2
) which is divided by the square of a radius 

of diffusion. The radius of diffusion is a constant value, dependant on the type of diffusing 

particles. A summary of the modified diffusion coefficients obtained for Ca2Al-LDHs in 

different anionic solutions as shown in Table 3.6. 

 

Table 3.6. Kinetic parameters for Ca2Al-naphthalene sulfonate, and Ca2Al-lignosulfonate release based on 

parabolic diffusion model. 

  Kinetic parameters
b
 (D/r

2
, min

–1
) from the parabolic diffusion model

a
                       

Equation Water 

pH 7 

Water    

pH 13.5 

Na2Si3O7 Na2SO4 Na2CO3 Cement Solution 

(w/c =0.8) 

Ca2Al-naphthalene sulfonate 0.0042 0.0025 0.0024 0.0057 0.0211 0.0036 

Ca2Al-lignosulfonate 0.0011 0.001 0.0026 0.003 0.010 0.0039 

a
Parabolic diffusion equation (α/t = (4/π

1/2
)(D/r

2
)

1/2
(1/t

1/2
) – (D/r

2
)); 

b
D = Diffusion coefficient, and 

r = radius of cylindrical diffusion. 

 

 A higher diffusion coefficient value means a higher diffusivity of the material. In general, 

we observe that naphthalene sulfonate diffuses into solution significantly faster than 

lignosulfonate. The trends in the release reactivity of the displacing anions for  

naphthalene sulfonate and lignosulfonate Ca2Al-LDHs are shown below. 

 

The relative order of the diffusion coefficient for anion of release naphthalene sulfonate; 

CO3
2–

 >>> SO4
2–

 > Water pH 7 > cement solution > Si3O7
2–

 ≈ Water pH 13.5 
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The relative order of the diffusion coefficient for anion of release lignosulfonate; 

CO3
2–

 >>> cement solution > SO4
2–

 > Si3O7
2–

 >Water pH 13.5 ≈ Water pH 7 

 

The release of napthalene sulfonate and lignosulfonate from their respective intercalates 

has also been fitted to the modified Freundlich model. The least squares fit to the 

experimental data are shown in Figure 3.20 and 3.21. A summary of the kinetic 

parameters are given to Table 3.7 and 3.8. 
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Figure 3.20. Naphthalene sulfonate release profiles from Ca2Al-naphthalene sulfonate LDH suspended in 

(a) water pH 7, (b) water pH 13.5, (c) Si3O7
2–

 solution, (d) SO4
2– 

solution, and    (e) CO3
2–

 solution. The solid 

lines are least square fits to the Modified Freundlich model, exception for the release profile of Ca2Al-

naphthalene sulfonate LDH suspended in SO4
2– 

solution fitted to the Avrami’s model.  
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Table 3.7. Kinetic parameters obtained from least square fitting of the release of naphthalene sulfonate 

from Ca2Al-naphthalene sulfonate in different anion solutions. 

Ca2Al-naphthalene sulfonate in solutions 
Modified Freundlich model (α = KFt

n
) 

KF (min
–n

) n  

Water pH 7 0.16±0.002 0.030±0.003 

Water pH 13.5 0.11±0.017 0.093±0.025 

Silicate solution 0.10±0.015 0.103±0.025 

Carbonate solution 0.78±0.006 0.018±0.002 
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Figure 3.21. Lignosulfonate release profiles from Ca2Al-lignosulfonate LDH suspended in: (a) water pH 7, 

(b) water pH 13.5, (c) Na2Si3O7 solution, (d) Na2SO4 solution, and (e) Na2CO3 solution. The solid lines are 

least square fit to the Modified Freundlich’s model, exception for the release profile of Ca2Al-naphthalene 

sulfonate LDH suspended in water pH 13.5 and CO3
2– 

solution fitted to the Avrami’s model. 
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Table 3.8. Kinetic parameters by curve fitting from the selected kinetic models, for the release of 

lignosulfonate from Ca2Al-lignosulfonate in different anion solutions. 

Ca2Al-lignosulfonate in solutions 
Modified Freundlich model (α = KFt

n
) 

KF (min
–n

) n  

Water pH 7 0.06±0.007 0.14±0.02 

Silicate solution 0.12±0.01 0.09±0.02 

Sulfate solution 0.07±0.01 0.17±0.03 

Carbonate solution 8.7x10
–5

±5.4 x10
–6

 0.013±0.006 

 

In cement solution, naphthalene sulfonate is released significantly faster than 

lignosulfonate (Figure 3.22).  All these data can be fitted to the Modified Freundlich 

model (Table 3.9). 
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Figure 3.22. Anion release profiles from: (a) Ca2Al-naphthalene sulfonate LDH, and (b) Ca2Al-

lignosulfonate LDH using cement solution over the reaction time (water/cement ratio = 0.8). Solid lines are 

least squares fit to the modified Freundlich model. 
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Table 3.9. Kinetic parameters obtained by least square fitting to the Modified Freundlich model, for the 

release of naphthalene sulfonate and lignosulfonate anions in cement solution. 

 r
2
 Modified Freundlich model (α = KFt

n
) 

 KF n 

Naphthalene sulfonate 0.97 0.090±0.008 0.21±0.02 

Lignosulfonate 0.96 0.002±9.0x10
-4

 0.73±0.09 

 

The observation that the rate of naphthalene sulfonate release by the cement solution is 

faster than lignosulfonate may be due to the steric effects of lignosulfonate molecules or 

low charge density of this anion. However, the release for both LDHs is lower than 

expected, when compared with the release behaviour of superplasticiser-intercalated 

Ca2Al-LDHs in basic anion solutions. We presume this is due to the significantly low 

concentration of anions in the cement solution. 

 

3.5 Mechanistic considerations 

There are a number of publications discussing the kinetic studies on layered double 

hydroxides, clays and zeolites. Duan et al. investigated the release behaviour of 

antioxidant drugs from LDHs.
52-54

 These drugs were capable of being release from LDHs 

via a two-stage process: a rapid release (stage I) followed by a slow release (stage II), in 

which stage I and stage II were successfully simulated with the modified Freundlich 

model and parabolic diffusion model, respectively (Figure 3.23).  The data fitting indicates 

that stages I and II can be described by external surface diffusion via ion exchange and 

intraparticle diffusion.  
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Additive LDH layerLDH particle
 

 

Figure 3.23. Schematic mechanisms of additive release based on the Freundlich model [Stage I, 

Heterogeneous surface desorption control (red arrows)] with rate constant, KF, and the parabolic diffusion 

model [Stage II, the intraparticle diffusion control (blue arrows)] with diffusion coefficient, DP. 
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We prepose that a similar two-stage process occur for the release of naphthalene sulfonate 

and lignosulfonate from those respective LDHs. The kinetics models previously 

mentioned to explain the mechanism of additive release have been used to study the 

release behaviour over time. The curve fitting of Ca2Al-naphthalene sulfonate and Ca2Al-

lignosulfonate in different anion solutions, as well as in cement solution are shown in 

Figure 3.20, 3.21, and 3.22, respectively. Kinetic parameters for the release of naphthalene 

sulfonate and lignosulfonate are summarised in Table 3.7, 3.8, and 3.9. 

 

For Ca2Al-naphthalene sulfonate, the naphthalene sulfonate on particle surfaces can 

release into water at pH 7, and the interparticle release seems to be completed after 

approximately 5 hours mixing. In water at pH 13.5 and silicate solution, naphthalene 

sulfonate can release from surfaces during the process which all release data are fitted with 

the modified Freundlich model. In the case of sulfate solution, the data set is significantly 

compatible with Avrami’s equation, in which the release is dominated by phase boundary 

control or diffusion control. In carbonate solution, the mechanism derived from curve 

fitting is the release from particle surfaces with the reaction being completed after 

approximately 2 hours after mixing. From the high value of the extent of reaction (α) 

found at the beginning of the reaction, it can be postulated that naphthalene sulfonate can 

release quickly from between the LDH layers, without the diffusion from naphthalene 

sulfonate between LDH layers. Carbonate destroys the LDH structure and naphthalene 

sulfonate is therefore, immediately released. 
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3.6 The study of anion exchange using on X-ray diffraction 

XRD was also used to investigate the change to the LDHs following suspension in 

solutions containing CO3
2-

, SO4
2-

 and Si3O7
2-

.  

 

In alkaline solution, the XRD data for Ca2Al-naphthalene sulfonate changes as a function 

of time. The d-spacing of the (002) Bragg reflection changes from 17.72 Å (Figure 

3.25(a)) to 19.97 Å (Figure 3.24(b)). The LDH initially swells in the presence of OH
– 

ions. 

Once, the hydroxide ions penetrate the layers they trigger naphthalene sulfonate release to 

form Ca2Al-OH, Ca4Al2O7.xH2O. Portlandite [Ca(OH)2] and sodium calcium aluminate 

[Na4Ca3(AlO2)10] which appear after 30 minutes (Figure 3.24(c)). The Ca2Al-naphthalene 

sulfonate and Ca2Al-OH can exfoliate and as result, these impurities dissolve into the 

solution after 2 days of mixing. Schematic mechanism for naphthalene sulfonate release in 

alkaline solution is shown in Figure 3.25. 
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Figure 3.24. XRD patterns of naphthalene sulfonate intercalated Ca2Al-LDH after mixing in water pH 13.5 

over time, where * correspond to swelled naphthalene sulfonate intercalated LDH; x Ca2Al-OH,                    

+ corresponds to Portlandite [Ca(OH)2], and o corresponds to sodium calcium aluminate [Na4Ca3(AlO2)10]. 

(g) XRD patterns of Ca2Al-naphthalene sulfonate at high magnification. 
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LDH particle

LDH layer

Naphthalene sulfonate anion

Hydroxide anion

Sodium calcium aluminate [Na4Ca3(AlO2)10]
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Figure 3.25. Schematic mechanism for naphthalene sulfonate release in water pH 13.5: (a) heterogeneous 

surface desorption control (purple arrows); (b) intraparticle diffusion control (grey arrows), hydroxide 

intercalation (red arrows), portlandite (Ca(OH)2) formation, and sodium calcium aluminate [Na4Ca3(AlO2)10] 

formation, and (c) exfoliation of LDHs. 
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No significant change in the diffraction pattern was observed when Ca2Al-naphthalene 

LDH is suspended in silicate solutions with the exception of small amounts of Albite      

(Na1.0-xCaxAl1.0+xSi3.0-xO8; 0.0 < x < 0.1) and portlandite [Ca(OH)2] appearing after 30 

minutes (Figure 3.26(c)), and 2 hours of mixing (Figure 3.26(d)), respectively.  
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Figure 3.26. XRD pattern series of naphthalene sulfonate intercalated Ca2Al-LDH after mixing in silicate 

solution. o corresponds to albite (Na1.0-xCaxAl1.0+xSi3.0-xO8; 0.0 < x < 0.1), and + correspond to portlandite 

[Ca(OH)2]. (g) XRD patterns of Ca2Al-naphthalene sulfonate at high magnification. 
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In sulfate solution, naphthalene sulfonate is released into solution due to the formation of 

ettringite [Ca6Al2(SO4)3(OH)1226H2O] and gypsum (CaSO42H2O) after 2 hours of 

mixing (Figure 3.28(d)). Portlandite Ca(OH)2 can be observed after one day (Figure 

3.27(e)). At two days mixing, the decrease in the intensity of the (002) Bragg reflection 

becomes evident, hence indicating that naphthalene sulfonate LDH is capable of 

exfoliating (Figure 3.27(f)). 
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Figure 3.27. XRD data for naphthalene sulfonate intercalated Ca2Al-LDH after suspending in a sulfate 

solution. * corresponds to ettringite [Ca6Al2(SO4)3(OH)1226H2O], x corresponds to gypsum (CaSO42H2O), 

+ corresponds to portlandite [Ca(OH)2]. 
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Suspension of Ca2Al-naphthalene sulfonate in the solution containing carbonate anions 

leads to the formation of calcite after 5 minutes (Figure 3.28). The XRD data shows no 

reflections due to the presence of naphthalene sulfonate LDH after 30 minutes, only 

calcite (CaCO3) is observed. 
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Figure 3.28. XRD pattern series of naphthalene sulfonate intercalated Ca2Al-LDH after suspending in 

carbonate solution. * corresponds to calcite (CaCO3). 

 

In summary, naphthalene sulfonate intercalated Ca2Al-LDH rapidly reacts with CO3
2-

 to 

release naphthalene sulfonate and form calcite, CaCO3. Suspension of Ca2Al-naphthalene 

sulfonate in a sulfate solution, results in the formation of ettringite and gypsum after 30 

minute mixing. The LDH structure is destroyed completely after 1 day. In contrast, the 

LDH structure is quite stable in water at pH 7, water at pH 13.5 and in a silicate solution.  
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3.7. Time-resolved in situ X-ray diffraction study of superplasticiser 

release from Ca2Al-LDHs 

In situ X-ray diffraction has been used to study the release of superplasticisers from 

Ca2Al-LDHs following suspension in solutions containing sulfate or silicate anions.  

 

Time-resolved in situ XRD data were collected at beamline I12 at the Diamond Light 

Source (DLS). Monochromatic X-rays (55.35 keV) were passed through a suspension of 

0.1 g of Ca2Al-naphthalene sulfonate in 5 ml of 0.08 M silicate solution. Further details 

about sample stage (carousel) and the experimental set up (Figure 3.29) are described in 

Section 7.2.1. The time-dependence of the XRD data are shown in Figure 3.30 and 3.31.  

 

 

 

Figure 3.29. The setup on beamline I12 at Diamond Light Source. 

 

The XRD data shows that the Ca2Al-naphthalene sulfonate is stable in the silicate 

solution, there is no evidence of any silicate intercalation or any decomposition of the 

LDH into other crystalline phases. 
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Figure 3.30. Contour plot showing the stability of Ca2Al-naphthalene sulfonate in silicate solution. 

 

Figure 3.32 shows the XRD data for a suspension of 0.1 g Ca2Al-naphthalene sulfonate in 

5 ml of 0.08 M sulfate solution. It is observed that the Bragg reflections for               

Ca2Al-naphthalene sulfonate decrease rapidly with the simultaneous formation of 

ettringite and gypsum. However, the reflections for the reaction do not go to completion as 

LDH are still present after 10 hours. 

 

Figure 3.31. Contour plot showing the mechanism of Ca2Al-naphthalene sulfonate in sulfate solution. 
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The in situ XRD data for Ca2Al-lignosulfonate and Ca2Al-polyacrylate suspended in 

silicate and sulfate solutions show no significant change after 10 hours. 

 

3.8 Time-resolved in situ X-ray diffraction studies on cement hydration 

Time-resolved in situ XRD data were recorded during the hydration of SKK
TM

 cement 

with a water/cement ratio of 0.4 (Figure 3.32). Initially the XRD data contain Bragg 

reflections that can be mainly indexed to tricalcium silicate (Ca3SiO5). However, the 

formation of ettringite and calcium hydroxide can be observed during the hydration 

process. The integrated intensities of the Bragg reflections for the major crystalline phases 

are shown in Figure 3.33. 

 

Tricalcium silicate 

Calcium Hydroxide 

Ettringite

 

Figure 3.32. 3D plot of the time dependence of the XRD of cement during hydration at a water/cement 

ratio of 0.4.  
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Figure 3.33. The integrated intensities of the Bragg reflections for the major crystalline phases in SKK 

cement during hydration; (a) tricalcium silicate, (b) Ca(OH)2, and (c) Ettringite. Water to cement ratio         

of 0.4. 

 

3.9 Time-resolved in situ X-ray diffraction studies of superplasticiser 

intercalated Ca2Al-LDHs on cement hydration 

Time-resolved in situ XRD data were recorded for the hydration of SKK cement 

containing a range of functional additives in order to determine their effects on cement 

hydration.  

 

Superplasticiser intercalated Ca2Al-LDHs including Ca2Al-lignosulfonate, Ca2Al-

naphthalene sulfonate, and Ca2Al-polyacrylate were studied in comparison to the 

hydration of plain cement. In addition, commercial superplasticisers named Type D 

(lignosulfonate type superplasticiser) and PC6 (polycarboxylate type superplasticiser) 

were used to compare the efficiency with Ca2Al-lignosulfonate and Ca2Al-polyacrylate on 

cement hydration. 
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Figure 3.34 shows the time-dependence of the XRD during SKK cement hydration 

containing 2 %wt of Ca2Al-OH. Integrated intensites of the Bragg reflections of the key 

phases are plotted as a function of time in Figure 3.35. 

 

Tricalcium silicate 

Calcium Hydroxide 
Ettringite

 

Figure 3.34. 3D plot of the time dependence of the XRD of cement during hydration with 2 %wt added    

Ca2Al-OH at water to cement ratio of 0.4. 
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Figure 3.35. The integrated intensities of the Bragg reflections for the major crystalline phases of SKK 

cement; (a) tricalcium silicate, (b) Ca(OH)2, and (c) Ettringite. (During cement hydration with 2 %wt added 

Ca2Al-OH at water to cement ratio of 0.4). 

 

In a generic cement system, tricalcium aluminate, which is the most reactive phase, 

releases calcium and aluminium cations. These ions can immediately react with sulfate 

from gypsum to form ettringite. Gypsum is added to avoid the formation of hydrogarnet       

[Ca3Al2(SiO4)3-x(OH)4x, 0 ≤ x ≤ 3] which causes rapid setting of concrete (also called 

‘flash set’). Therefore, the increase in the amount of ettringite could be used to predict the 

retardation of tricalcium aluminate hydration. Tricalcium silicate further releases calcium 

cations and silicate anions to form calcium silicate hydrate (C-S-H) and calcium 

hydroxide. The decrease in the amount of the cement phase can reflect the progress of 

tricalcium silicate hydration. 

 

 

 

 

 

 



                                                                                                                                 Chapter 3 

93 

3.9.1 Tricalcium silicate and calcium hydroxide 

The intensities of tricalcium silicate Bragg reflection at 6.0 Å and calcium hydroxide 

Bragg reflection at 4.9 Å have been used to calculate the relative amounts of each phase.  

Hydroxide-intercalated Ca2Al-LDH has been used to investigate the effects of the LDH on 

the hydration of cement (Figure 3.36 and 3.37). It is found that the Ca2Al-OH can slightly 

accelerate the hydration of tricalcium silicate. In addition, 1% of Ca2Al-OH is a suitable 

amount of the LDH to add in order to yield a higher hydration rate of tricalcium silicate. 

The growth of calcium hydroxide in cement samples corresponds to the hydration of 

tricalcium silicate. 
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Figure 3.36. Relative amounts of tricalcium silicate in SKK cement during hydration. 
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Figure 3.37. Relative amounts of calcium hydroxide in SKK cement during hydration. 

 

During the progress of cement hydration, cement with added Ca2Al-lignosulfonate results 

in less consumption of tricalcium silicate in comparison to that of plain cement. In 

addition, the increase amount of calcium hydroxide produced as a result of cement 

hydration corresponds to the decrease amount of tricalcium silicate. (Figure 3.38) The  

retarding/accelerating effect of additives on cement hydration are summaried as shown 

below. 

 

Ca2Al-lignosulfonate > Ca2Al-naphthalene sulfonate ≈ Plain cement > Ca2Al-polyacrylate 
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The decrease in tricalcium silicate (cement hydration) by the additives is shown in Figure 

3.38. Commercial superplasticisers, type D (lignosulfonate-based superplasticiser) and 

PC6 (polycarboxylate-based superplasticiser), have been used to study the mechanism of 

cement hydration in comparison with Ca2Al-lignosulfonate and Ca2Al-acrylate, 

respectively. For type D (Figure 3.38(e)), the additive can significantly affect the process 

of cement hydration as can be observed by the constant relative amount of tricalcium 

silicate present even after 16 hours. This additive can retard the reaction much more 

effectively than Ca2Al-lignosulfonate. PC6 can retard the process of cement hydration 

while Ca2Al-acrylate, in contrast, slightly accelerates. 
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Figure 3.38. Relative amounts of tricalcium silicate in SKK cement during hydration. 
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Figure 3.39. Relative amounts of calcium hydroxide in SKK cement during hydration. 

 

3.9.2 Ettringite 

The intensity of ettringite reflection at 9.7 Å were used to calculate the relative amounts of 

ettringite. For Ca2Al-OH, the higher growth of ettringite formation can be found in a 

series of cement added Ca2Al-OH. Cement containing additional 2 %wt Ca2Al-OH 

demonstrated to have the highest rate of ettringite formation (Figure 3.40).   
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Figure 3.40. Relative amounts of ettringite in SKK cement during hydration. 

 

The growth progression of ettringite in cement with added superplasticisers and 

superplasticiser-intercalated Ca2Al-LDHs is slower than that in plain cement (except for 

PC6) (Figure 3.41). 
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Figure 3.41. Relative amounts of ettringite in SKK cement during hydration. 

 

The in situ X-ray data have been analysed to study the behaviour of additives on cement 

hydration. The retardation of cement hydration can be found. The effects of the additives 

on the phases present during cement hydration are shown below; 

 

Ca2Al-lignosulfonate > Ca2Al-naphthalene sulfonate ≈ Plain cement > Ca2Al-polyacrylate 

 

 

Addition of 1 %wt Ca2Al-OH to SKK cement increases the amount of Ca(OH)2 produced. 

 

In term of the growth of ettringite formation, the superplasticiser-intercalated LDHs is 

lower than for plain cement, while higher than plain cement when Ca2Al-OH is added. 

 

The results can support that superplasticiser-intercalated LDHs have a significant 

retarding effect on tricalcium silicate hydration while the hydration of cement with added     

Ca2Al-OH is negligible compared with the hydration of plain cement.  The slower growth 

progression of ettringite in cement samples can be found in cement added superplasticiser-

intercalated Ca2Al-LDHs while Ca2Al-OH can accelerate the ettringite formation. 

Retard 

 

Accelerate 

 



                                                                                                                                 Chapter 3 

99 

3.10 Effects of superplasticiser-intercalated Ca2Al-LDHs on the physical 

properties during cement hydration 

The effects of the various additives on the evolution of the physical properties of cement 

during hydration were investigated using ultrasound shear wave loss equipment.
55-58

 

Ultrasound shear wave reflection is a method to measure the storage elastic modulus (G’) 

of a material. A bespoke cell for measuring the ultrasound shear wave reflection during 

cement hydration has been developed by Dr. Andrew Jupe.  

 

Cement and water are rapidly mixed at a water/cement ratio of 0.4 in a high speed mixer. 

The cement paste was subsequently transferred into a cylindrical tube (Figure 3.42(b)) 

connected to a quartz sample stage (Figure 3.42(a)) which is a digitiser that generates 

ultrasound pulses. The amplitude and phase of the reflected wave change during cement 

hydration was recorded. Cement paste becomes more physically rigid over time as 

observed in Figure 3.42(c). Loss of amplitude and the phase shift of the shear wave were 

used as parameters to calculate the elastic modulus (G’) (Section 7.2.2). 

 

   

Figure 3.42. Pictures of (a) a quartz sample stage including digitiser, (b) a cylindrical tube on top of the 

sample stage, and (c) cement sample after ultrasound reflection measurement. 

 

A commercially used SKK cement was studied in comparison with SKK cement with a 

range of additives. The amount of additive used each time was fixed at 0.4 %wt. The time-

dependence of the elastic modulus (G’) of SKK cement during the hydration is shown in 

Figure 3.43. This behaviour was then compared to the time-dependence of G’ following 

the addition of a range of additives including Ca2Al-superplasticiser. 

 

(a) (b) (c) 
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 Figure 3.43. Time-dependence of the storage elastic modulus (G’) of cement during hydration: (a) SKK 

cement, and SKK cement with added; (b) Ca2Al-lignosulfonate, (c) Ca2Al-naphthalene sulfonate, and (d) 

Ca2Al-polyacrylate. 

 

From the inspection of the time-dependence of G’, the setting point of the cement mixture 

can be determined when G’ starts to increase from zero. The setting point data are 

summarised in Table 3.10. The storage elastic modulus plots of all cement samples can be 

found in Appendix IV. The data indicates that cement with added Ca2Al-lignosulfonate 

sets significantly slower than that of plain SKK cement. The addition of                     

Ca2Al-naphthalene sulfonate accelerates the hydration reaction. In contrast, the change in 

the elastic behaviour of cement after the addition of Ca2Al-polyacrylate is negligible 

compared to the behaviour of plain cement.  
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Table 3.10. The setting point of cement samples determined from the storage elastic modulus data. 

Cement samples* Setting point (hours) 

SKK cement 3.3 

SKK cement with added Ca2Al-OH 4.9 

SKK cement with added Ca2Al-lignosulfonate 5.1 

SKK cement with added sodium lignosulfonate 3.8 

SKK cement with added Type D  10.3 

SKK cement with added Ca2Al-naphthalene sulfonate 2.1 

SKK cement with added sodium naphthalene sulfonate 3.6 

SKK cement with added Type F 1.1 

SKK cement with added Ca2Al- polyacrylate 3.3 

SKK cement with added sodium polyacrylate 4.5 

SKK cement with added PC6 7.8 

Type D = commercial lignosulfonate-based superplasticiser, Type F = commercial sulfonated naphthalene-

formaldehyde condensates, PC6 = commercial polycarboxylate-based superplasticiser. * Concentration of 

additives of 0.4 %wt. 

 

Compared to the commercial additives (Type D, F, and PC6), cements containing 

equivalent amounts of superplasticiser-intercalated Ca2Al-LDHs can significantly 

accelerate cement hydration with the exception of Ca2Al-lignosulfonate. There are two 

possible factors by which superplasticiser-intercalated Ca2Al-LDHs can affect cement 

hydration: (I) the effect of the additive after release into cement system, and (II) the 

increase in hydration rate due to the seeding effect of Ca2Al-LDH framework. In the cases 

of Ca2Al-naphthalene sulfonate and Ca2Al-polyacrylate, the additives have a lower 

retarding effect on the cement hydration reaction compared with Ca2Al-lignosulfonate, 

this observation is supported by both the ultrasound and in situ X-ray diffraction data. The 

seeding effect can be a dominating factor. The LDH particles could act as a seed crystals 

that enhance the nucleation rate of the cement hydration products, similar behaviour to 

calcite nanosized particles, silica fume, or colloidal silica (well-known in the cement 

industry). 
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Figure 3.44. A schematic mechanism of the early stages of cement hydration (a) without seed crystals, and 

(b) with seed crystals.
59

 (Hydration reaction takes place in the red region (C-S-H = Calcium silicate hydrate, 

a cement hydration phase) 

 

Hydroxide-intercalated Ca2Al-LDH has been used to study the effect of the LDHs on the 

hydration of cement. Unexpectedly, the rate of cement hydration was found to be lower in 

cement with added Ca2Al-OH in comparison to the hydration of generic SKK cement. 

Ca2Al-OH (also called hydroxy-AFm) is a kind of monosulfate (AFm) which is produced 

as a by-product of calcium aluminate cement. During the early stages of hydration, Ca2Al-

OH and hydrogarnet [Ca3Al2(SiO4)3-x(OH)4x, 0 ≤ x ≤ 3] can form and in turn, induce a 

stiffening of the hydration paste, resulting in a ‘flash set’ in concrete that lacks a retarder 

such as gypsum. In generic cement systems, gypsum is used to generate ettringite and to 

avoid the formation of hydrogarnet and Ca2Al-OH. Recently, Ca2Al-OH has been 

observed to be present prior to the formation of ettringite.
16, 60

 The quantity of Ca2Al-OH 

decreases when ettringite is produced. It can be postulated that slower hydration reaction 

rates are possibly due to the presence of Ca2Al-OH at the beginning of the process which 

helps the formation of ettringite to retard cement setting. The hypothesis can also be 

supported by the dramatic growth of ettringite observed using in situ X-ray diffraction.  

Given that there is a high tendency for Ca2Al-OH and gypsum to react to form ettringite, 

the seeding effect is unable to dominate the setting of cement without the aid of ion 

encounter effect which is the case seen here with superplasticiser-intercalated LDHs. 

 

Various commercial superplasticisers have been used to study the physical properties of 

cement during hydration compared to superplasticiser-intercalated Ca2Al-LDHs. Cement 

with added type D hydrated slower compared to the hydration of plain cement. This 

corresponds to the common use of type D (lignosulfonate-based superplasticiser), which 

normally acts as a water-reducer and also a retardant in cement setting. Although      

Ca2Al-lignosulfonate can retard cement setting more effectively than sodium 

(a) (b) 
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lignosulfonate, it is however, still less efficient than type D. As for type F (sulfonated 

naphthalene-formaldehyde condensates), it is predominately used to create a water-

reducing effect which does not significantly affect the hydration rate. Cement with added 

Ca2Al-naphthalene sulfonate started to set at a slightly slower rate in comparison to 

cement with added type F. For PC6 (polycarboxylate-based superplasticiser), the setting 

point of cement with the additive was evidently much slower than cement with added 

Ca2Al-polyacrylate. However, the elastic modulus obtained after the setting point 

dramatically increases which is indicative that the cement paste hardened very rapidly. 

Ca2Al-polyacrylate can accelerate cement setting slightly faster than sodium polyacrylate. 
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Figure 3.45. Time-dependence of the storage elastic modulus of cement during hydration: (a) SKK 

cement, SKK cement added; (b) Ca2Al-polyacrylate, (c) sodium polyacrylate, and (d) PC6. 

 

Although, ultrasound shear-wave reflection technique provides information relating to the 

reactivity in terms of the extent of the hydration reactions, viscosity studies would directly 

validate the physical effect of the added superplastisers in cement pastes. As a follow up, 

rheometer and zeta-potential would be suitable techniques to employ as a means to further 

investigate these properties. 
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3.11 Conclusions 

Ca2Al-LDHs intercalated with naphthalene sulfonate, lignosulfonate, and polyacrylate 

have been successfully synthesised. The materials are crystalline phases with the 

exception of Ca2Al-lignosulfonate which seems to be highly disordered. The release of the 

intercalated anions have been studied in solutions containing anions that are expected to 

be present in typical cement mixtures. The anion release behaviour for these LDHs are 

different depending on the chemical composition of the solution. The order of the anion 

release efficiency is shown below: 

 

For Ca2Al-naphthalene sulfonate; 

CO3
2–

 > SO4
2–

 > Si3O7
2–

 ≈ water pH 13.5 ≈ water pH 7 

 

For Ca2Al-lignosulfonate; 

CO3
2–

 > Si3O7
2–

 ≥ water pH 13.5 > SO4
2–

 > water pH 7 

 

The anion release data have been fitted to several kinetic models; both the parabolic 

diffusion model and the modified Freundlich model were determined to be the best fit. 

The kinetic analysis indicates that the anion release behaviour from these materials is 

dominated by the anion diffusion between LDH layers. The diffusion coefficient for 

naphthalene sulfonate is higher than that for  lignosulfonate. The kinetic data is consistent 

with naphthalene sulfonate and lignosulfonate release from LDHs occurring by 

heterogeneous surface desorption, followed by diffusion of superplasticisers from LDH 

layers (also called intraparticle diffusion control). Ca2Al-naphthalene sulfonate ions can 

react with sulfate to form ettringite. [Ca6Al2(SO4)3(OH)12•26H2O]. It is postulated that 

Ca2Al-OH and ettringite are formed when Ca2Al-naphthalene sulfonate is added into a 

cement system. 

 

The effect of superplasticiser-intercalated Ca2Al-LDHs on cement hydration have been 

studied using ultrasound shear-wave reflection measurement. The time-dependence of G’ 

and the setting time have been studied. Ca2Al-naphthalene sulfonate can accelerate the 

hydration reaction while Ca2Al-lignosulfonate generates a retarding effect. The hydration 

behaviour of cement with added Ca2Al-polyacrylate is similar to plain SKK cement. In 

comparison to commercial additives, superplasticiser-intercalated Ca2Al-LDHs induce 
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faster cement hydration. Ca2Al-OH has been synthesised and used to investigate the 

influence of this LDH on the hydration reaction. It was discovered that this material can 

retard cement setting as it facilitates the formation of ettringite. The seeding effect is 

unable to dominate the setting of cement because of the high reactivity of Ca2Al-OH to 

form ettringite without the aid of the ion encounter effect as seen in superplasticiser-

intercalated LDHs. 
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Chapter 4: Synthesis of Ca2Al-LDHs Nanoplates Using        

Non-ionic Surfactant Reverse Micelles 

 

4.1 Introduction 

Cement manufacturers are currently seeking novel ways to control the hydration reactions 

in cement. Chemical admixtures are often used to alter the course of cement hydration 

reactions and the properties of fresh or hardened concrete. The goal of some chemical 

admixtures is to allow cement compositions to exhibit sufficient dispersibility when the 

amount of water is reduced. In addition, many features need to retain fluidity and 

processability as well as exhibiting improved durability and strength as a result of water 

reduction.
1-5

 The admixtures must ensure that the compositions of concrete or mortar 

mixtures maintain the correct end-product characteristics.
6, 7

 To improve the efficiency of 

the admixtures, several procedures have been studied,
4, 8, 9

 i.e., the modification of the 

molecular structure of additives for the purpose of superplasticisers
10-13

 and the control of 

particle sizes to enhance the seeding effect as a means to accelerate the cement hydration. 

In addition, there have been a number of research articles describing procedures for the 

intercalation of anions and polymer admixtures by using LDH-like materials.
14-17

 

 

Sodium nitrate and calcium nitrate are conventionally used as accelerators to increase the 

hydration reactions of cement.
18-20

 To improve the reactivity of these accelerators, creating 

additive-intercalated LDHs with nano-size particles may prove to be effective, due to the 

greater surface area. One of the potential materials likely to be compatible for use as a 

nano-cement additive is nitrate intercalated Ca2Al-LDH (Ca2Al(OH)6NO3•6H2O,     

Ca2Al-NO3).
21, 22

 This type of material has been synthesised by several techniques, such as 

co-precipitation and hydrothermal. Therefore, it is of interest to study whether nano-sized 

hydrocalumite-like materials (Ca2Al-LDHs) can be produced containing nitrate anions, 

and whether these materials are more efficient additives for cement applications. 

 

The reverse micelle microemulsion technique has been shown to control the size, shape, 

composition and morphology of nano-size inorganic particles.
23-32

 O’Hare et al. reported 

the first synthesis of a layered double hydroxide (LDH) using this approach.
33-36

 The use 

of non-ionic surfactants to form reverse micelles is a recent synthetic technique 
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development, that reduces and/or avoids the intercalation of surfactants into the LDH 

layers.
32, 37

 In this chapter, we report the synthesis of a range of nanosized Ca2Al-NO3 

LDHs using reverse micelle emulsions formed by a range of non-ionic surfactants. 

 

4.2 Reverse microemulsion theory and Hydrophile-Lipophile Balance 

(HLB) concept 

Reverse microemulsion (technically called water-in-oil (W/O) microemulsion) is a 

technique using stabilizing agents (surfactants) as modifiers, to allocate and limit the 

aqueous regions that contain precursors within an oil phase, to tailor the shape, size and 

morphology of the products formed in the aqueous region.
24

 This technique is not only 

capable of controlling size and morphology of particles and size distribution, but can also 

inhibit the agglomeration of the product particles.
37

 The stabilising agents can rearrange 

themselves in such a way that hydrophilic heads face in towards the aqueous phase and 

hydrophobic tails point out towards the oil phase. Within the Critical Micelle 

Concentration (CMC) range, the emulsifiers can form reverse micelles in an organic 

solvent.
23, 25, 27, 38, 39

 Crystal growth is controlled by the reverse micelles which trap the 

aqueous solution inside the micelles. The Hydrophile-Lipophile Balance is a useful index 

as it indicates the solubility of surfactants, especially non-ionic surfactants, as it enables 

emulsifying agents to be selected.
40

 

 

In general, micelles can be formed in many different solution conditions depending on the 

Hydrophile-Lipophile Balance (HLB) of the emulsifiers as defined in Equation 4.1. The 

calculated value can be determined hydrophilic and hydrophobic for different regions of 

surfactant molecules, as described by Griffin and Davies.
41-45

  

 

      HLB = 20 x Mp / M     Equation 4.1 

Where; 

 Mp = Molecular mass of the hydrophilic portion of the surfactant molecule 

 M = Molecular mass of the whole surfactant molecule 
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The Hydrophile-Lipophile Balance (HLB) classifies the hydrophilicity of the stabilising 

agents and provides a prediction for the surfactants’ behaviour.
43, 44, 46, 47

 The HLB values 

fall in the range between 1 and 20. Hydrophilic surfactants with high water solubility, are 

represented by higher HLB values, while on the other hand, surfactants with low water 

solubility have lower HLB values. In order to prepare water-in-oil emulsions, more 

lipophilic surfactants should be used, with HLB values in the ranges of 4 to 6. 

 

Table 4.1. Effect of Hydrophile-Lipophile Balance on the state of a surfactant in aqueous media.
48 

State of the surfactant in water HLB value range Corresponding application 

Non-dispersible 1.5 – 3 Anti-foaming agent 

 1 – 4 Emulsifier for W/O 

emulsions 

Poorly dispersible 2 – 6  

Turbid unstable dispersion 6 – 8 Wetting agent 

Turbid stable dispersion 8 – 10  

Semi-transparent dispersion 10 – 13 Emulsifier for O/W 

emulsions 

Transparent solution 13 – 15 Detergent 

 15 – 18 Solubiliser 

 

Reverse micelles can have a range of different morphologies depending on the packing 

factor (also called shape factor) of the surfactants in the micellar assembly  (Figure 4.1).
49

  

The packing factor can be used to predict aggregate shapes of the surfactants depending on 

the structural properties of the surfactants, such as the hydrophilic area, and the chain 

length of the hydrophobic region. The emulsifier hydrocarbon volume (ν) is dependent on 

the interfacial attraction and the chain repulsion of the hydrophobic tail in each surfactant 

molecule.  

 

  Packing factor (P) = ν/a0·l   Equation 4.2 

 

Where;  ν = the emulsifier hydrocarbon volume, 

  a0 = the polar head area, 

  l = fully extended chain length of the emulsifier 
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Surfactants which are suitable for use in an oil-in-water microemulsion system should 

have a packing parameter value below 1. In case of a water-in-oil microemulsion, then 

surfactants with a packing parameter greater than 1 tend to have higher stability.  

 

a0

l

v0 = a0
.l v > v0

a < a0

v < v0

a0 < a

Reverse micellarMicellar

P = 1P < 1 P > 1

Lamellar
 

 

Figure 4.1. Schematic illustration of the molecular structures and aggregate shapes of surfactants at 

different packing factors (or called shape factors, P). 

 

The relationship between the Hydrophile-Lipophile Balance (HLB) and the packing factor 

of surfactants have been studied.
49

 Using both parameters, we can indirectly predict 

morphologies of materials based on the aggregate shapes of the surfactants as shown in 

Table 4.2. The data indicates that emulsifiers with HLB values within the ranges of 1 – 10 

could result in inverse micelles formation in a water-in-oil microemulsion system. In this 

chapter, the polyethylene glycol dodecyl ether surfactant (Brij30) with a HLB = 9.7 and    

a critical micelle concentration (CMC) of 5 x 10
–3

 M, and the polyethylene oxide 

surfactant (Triton X100) with a HLB = 13.5 and a CMC of 2.4 x 10
–5

 M,
40, 50

 were 

selected to investigate the relationship between HLB value and its effects on the particle 

size and morphology of LDHs prepared using a water-in-oil microemulsion system. 
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Table 4.2. Summary of the micelle structures of surfactant assemblies depending on packing factor and 

HLB value.
51

 

Packing factor (ν/a0·l) Schematic of micelle structures formed HLB 

 

 

Isotropic 10 – 40 

1/3 Micellar  

1/2  Hexagonal  

 Cubic  

≈ 1 Lamellar ≈ 10 

 Inverse cubic  

> 1 Inverse hexagonal  

 Inverse micellar 1 – 10 
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4.3 Synthesis of Ca2Al-LDHs using non-ionic surfactant reverse micelles 

The aqueous phase confined in an inverse micelle acts as a “nanoreactor” that facilitates 

the synthesis of the LDH. The nucleation and growth of the LDH platelets only occurs 

within the encapsulated water droplet (Figure 4.3). The size of water pools can be 

controlled by the amount of surfactant added, as defined by the water-to-surfactant molar 

ratio, wB = [H2O]/[Brij30]. Different inverse micelle systems were employed with water-

to-surfactant molar ratios ranging between 1 and 20 in order to prepare the LDHs denoted 

as Ca2Al-NO3 BRMw (w = wB) using polyethylene glycol dodecyl ether as the surfactant. 

Polyethylene glycol dodecyl ether (Brij 30) and butan-1-ol were added to isooctane. 

Spherical reverse micelles were formed when an aqueous solution of Ca(NO3)2·4H2O and 

Al(NO3)3·9H2O was introduced to this organic mixture followed by a solution of NaNO3 

and NaOH. Butan-1-ol was used as a co-surfactant to facilitate the formation of reverse 

micelles. 

 

Ca(NO3)2

Al(NO3)3

NaNO3 NaOH
Polyethylene glycol dodecyl ether

Water
Isooctane

Nucleation

Crystallisation

Separation

Ca2Al-NO3 BRMw (wB = 1 −20)

di-cation
tri-cation
anion
water
isooctane
co-surfactant
surfactant
LDH

wB = [H2O]
[Surfactant]

< 201 <

 

Figure 4.3. Schematic illustration of the nucleation and growth of Ca2Al-NO3 BRMw platelets (w = 1 – 20) 

in a polyethylene glycol dodecylether reverse micelle system. 
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4.3.1 X-ray powder diffraction data 

The X-ray diffraction patterns of the LDHs Ca2Al-NO3 BRMw, formed in reactions with 

various water-to-surfactant ratios (w), are shown in Figure 4.4. The XRD data for the 

Ca2Al-NO3 BRMw series can be indexed using the unit cell dimensions of 

[Ca2Al(OH)6NO3·6H2O] (Figure 4.5).
52, 53

 Refinement of the unit cell parameters is given 

in Figure 4.6. It was observed that the (002) Bragg reflection for the Ca2Al-NO3 BRMw 

phases become broader when the water-to-surfactant ratio (w) decreases (Figure 4.7).       

A slight shift in the position of the 00l Bragg reflection was also observed corresponding 

to a variation of the interlayer spacing between 8.43 and 8.55 Å (Table 4.3) which may be 

due to the different amounts of interlayer water, or the packing arrangement of the anions. 
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Figure 4.4. Summary of the powder XRD data for (a) Ca2Al-NO3 formed by co-precipitation, (b) – (j) 

Ca2Al-NO3 BRMw formed using reverse micelle microemulsions where w = (b) 19.6, (c) 13.7, (d) 10.6, (e) 

4.6, (f) 3.4, (g) 2.7, (h) 2.3, (i) 1.7, (j) 1.4, and (k) Ca2Al-NO3 formed without polyethylene glycol dodecyl 

ether in reaction (Ca2Al-NO3 WO). Reflections marked with * correspond to CaCO3. 
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Figure 4.5.  Views of Ca2Al-NO3 along (a) the a-axis and (b) the c-axis showing the relative positions of 

nitrates (in green) and their closest oxygen and metal ions.
52, 53

 Al atoms in an octahedral hydroxyl 

coordination show in blue, while Ca atoms with the seven hydroxyl coordination shown in grey. 

 

(a) 

(b) 

b a 

b 
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Figure 4.6. Profile analysis of the XRD data for Ca2Al-NO3 BRM19.6 in the space group P – 3 c1: 

experimental X-ray diffraction (cross in red), calculated X-ray diffraction (line in green), Bragg reflections 

(ticks marked); the refined cell parameters are a = 5.7445(4) Å c = 17.1082(5) Å. 
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Figure 4.7. Summary of the powder XRD data showing the (002) and (300) Bragg reflections of (a) Ca2Al-

NO3 formed by co-precipitation, (b) – (j) Ca2Al-NO3 BRMw formed using reverse micelle microemulsions 

where w = (b) 19.6, (c) 13.7, (d) 10.6, (e) 4.6, (f) 3.4, (g) 2.7, (h) 2.3, (i) 1.7, (j) 1.4, and (k) Ca2Al-NO3 

formed without polyethylene glycol dodecyl ether in reaction (Ca2Al-NO3 WO). 
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Similarly, a significant increase in the full width at half maximum (FWHM) value of the 

(002), and (004) Bragg reflections has been observed as the w value increases (Table 4.3, 

and Figure 4.8). Application of the Scherrer equation would suggest that the crystalline 

domain length along the c-axis decreases from 29.50 nm for Ca2Al-NO3 BRM19.6 to    

6.75 nm for Ca2Al-NO3 BRM1.4. The crystalline domain lengths derived from the line 

widths of the 00l  Bragg reflections are related to the thickness or stacking order in these 

platelet samples.   

 

The full width at half maximum (FWHM) for the (300) Bragg reflection can also be 

determined (Table 4.3, and Figure 4.8). A small change in the width of this reflection can 

be observed which suggests that the in-plane crystallinity of the platelets is not greatly 

affected by the micelle pool volume. Overall, the increase in the amount of surfactant 

differently influences the crystallinity of the Ca2Al-NO3 along the a-, and c-axes. 

 

Ca2Al-NO3 can also form in an organic solvent without the addition of polyethylene 

glycol dodecyl ether (Ca2Al-NO3 WO, Figure 4.4 (k)). Based on the FWHM of the (002) 

Bragg reflection, the crystalline domain size can be calculated as 32.2 nm, which is 

slightly higher than the crystalline domain size of Ca2Al-NO3 in solutions containing high 

water-to-surfactant ratios. The crystalline domain size of the LDHs prepared using a 

reverse micelle system with 10.6 < w < 19.6 are close to value of the LDH formed by                 

co-precipitation.  The amount of surfactant present in these high water-to-surfactant ratio 

samples does not significantly affect the crystallinity of Ca2Al-NO3 in comparison to 

Ca2Al-NO3 formed without surfactants in the reverse micelle reaction, or formed by       

co-precipitation. 
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Table 4.3. A summary of the selected Bragg reflection line width from the X-ray diffraction data for 

Ca2Al-NO3 BRMw (w = 1 – 20). 

Ca2Al-NO3 

Bragg Reflection 

(002) (004) (300)  

FWHM/
o
 CDS/nm FWHM/

o
 CDS/nm FWHM/

o
 CDS/nm 

BRM19.6 0.27 29.5 0.27 29.8 0.27 33.2 

BRM13.7 0.27 29.5 0.27 29.8 0.27 33.2 

BRM10.6 0.40 19.7 0.33 23.9 0.33 26.5 

BRM4.6 0.52 15.2 0.52 15.4 0.52 17.1 

BRM3.4 0.65 12.2 0.52 15.4 0.52 17.1 

BRM2.7 0.78 10.1 0.78 10.3 0.52 17.1 

BRM2.3 0.78 10.1 0.65 12.3 0.78 11.4 

BRM1.7 0.91 8.7 0.91 8.8 0.78 11.4 

BRM1.4 1.17 6.8 1.82 4.4 0.78 11.4 

WO 0.24 32.2 0.24 32.6 0.37 24.2 

 CP 0.27 29.5 0.54 14.9 0.33 26.5 

FWHM = full width at half maximum, Scherrer equation (CDS = Kλ(βcosθ)
–1

); K = 0.89,
54

           

CDS = Crystalline Domain Size, determined by Scherrer equation. 

WO  = Ca2Al-NO3 synthesised in an organic solvent without surfactant. 

CP  = Ca2Al-NO3 prepared by co-precipitation. 
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Figure 4.8. Plots of crystalline domain size of Ca2Al-NO3 against water-to-surfactant ratio using the full 

width at half maximum of: (a) (002), and (004); and (b) (300) Bragg reflections. The solid lines are a guide 

to the eye. 

 

It was found that careful control of the post-synthesis processing was not required in order 

to obtain high quality samples due to the Hydrophile-Lipophile Balance properties (HLB) 

of polyethylene glycol dodecyl ether. Higher HLB values correspond to more strongly 

hydrophilic surfactants. The HLB value for the polyethylene glycol dodecyl ether is 9.7, 

which is sufficiently low enough for it to dissolve in organic solvents.
41, 49

 Thus, the 

polyethylene glycol dodecyl ether used in these LDH syntheses could easily be removed 

from the reactions. 

 

(a) (a) 

(b) 
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4.3.2 Infrared spectroscopy data 

The FTIR spectra of the Ca2Al-NO3 BRMw series in Figure 4.9 show IR absorptions that 

represent the stretching vibrations of the hydroxyl groups in the inorganic layers and of 

the interlayer water between 3700-3000 cm
–1

. The Ca2Al-NO3 samples also exhibited 

absorptions at 1415 and 1340 cm
–1

 which confirm the presence of intercalated NO3
–
 

anions, as seen by comparison to the corresponding IR spectrum of sodium nitrate.  

4000 3500 3000 2500 2000 1500 1000

Diamond absorption

(e)

(d)

(c)

(b)
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Figure 4.9. IR spectra of (a) NaNO3, (b) Ca2Al-NO3 formed via co-precipitation, (c) Ca2Al-NO3 BRM10.6, 

(d) Ca2Al-NO3 BRM13.7, and (e) Ca2Al-NO3 BRM19.6.  
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4.3.3 Transmission Electron Microscopy (TEM) study 

Transmission Electron Microscopy (TEM) has been used to determine the morphology, 

size and size distribution of the Ca2Al-NO3 LDH particles. The TEM images of the  

Ca2Al-NO3 BRMw in Figure 4.10 – 4.13 show that better control and modifications in the 

shape and morphologies of Ca2Al-NO3 LDHs can be achieved by adding surfactants. The 

TEM image of Ca2Al-NO3 without the presence of any surfactants (Figure 4.10(a)) reveals 

two different morphologies of the particles: (1) platelet-like and (2) flower-like structures 

(circled in red). The particles have a very broad size distribution, ranging from 50 

nanometers to a few microns. The average diameter of particles decreases when the water-

to-surfactant molar ratio decreases, which is in agreement with the crystalline domain 

sizes deduced from the diffraction data (Section 4.3.1). Hexagonal platelets were found for 

Ca2Al-NO3 BRM19.6, and Ca2Al-NO3 BRM13.7 with mean particle diameters of 432.5 

nm and 370.7 nm with standard deviations of 113.8 and 92.2 nm, respectively. The 

thickness can be determined from edge-on views of particle structures in both samples 

which were ca. 60 nm for Ca2Al-NO3 BRM19.6 and ca. 42 nm for Ca2Al-NO3 BRM13.7. 

There were well-dispersed and more uniform platelets with a mean particle diameter of 

137.3 nm with standard deviation of 23.8 nm in the case of the Ca2Al-NO3 BRM10.6 

(Figure 4.10(d)). No edge-on particle structure could be found for these samples. In the 

range 2.7 < w < 10.6 depicted in Figure 4.11(a), 4.11(b), and 4.12(a), it was found that 

there is no difference in the particle size of materials made as more surfactant is added. 

However, additional surfactant affects the size distribution of the materials as can be seen 

by the narrowing of the distribution curves (Table 4.4). For Ca2Al-NO3 BRM2.3 shown in 

Figure 4.12(c), a lot of particle aggregation can be observed. Particles roughly 50 nm in 

size were found in a different area at high magnification. For Ca2Al-NO3 BRM1.7 (Figure 

4.13(a)), platelet shaped particles similar in size to Ca2Al-NO3 BRM2.3 were found, 

however, the morphology of most particles changed into layered feather-like structures in 

which the particle size of materials became larger (Figure 4.13(b)). A summary of the 

mean particle size of Ca2Al-NO3 synthesised using different reverse micelles conditions is 

shown in Figure 4.14. 
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Figure 4.10. TEM images of (a) Ca2Al-NO3 made in organic solvent without surfactant (flower-like 

structure marked with circles in red), (b) Ca2Al-NO3 BRM19.6, (c) Ca2Al-NO3 BRM13.7, and                    

(d) Ca2Al-NO3 BRM10.6. 

 

 

(d) (c) 

(b) (a) 
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Figure 4.11. TEM images with size distribution of (a) Ca2Al-NO3 BRM4.6, and (b) Ca2Al-NO3 BRM3.4. 

The dash dotted lines in the size distribution data are best fit to the Gaussian equation. 
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Figure 4.12. TEM images with size distribution of (a) Ca2Al-NO3 BRM2.7, (b) and (c) Ca2Al-NO3       

BRM2.3. The dash dotted lines in the size distribution data are best fit to the Gaussian equation. 
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Figure 4.13. TEM images of (a), and (b) Ca2Al-NO3 BRM1.7; (c), and (d) Ca2Al-NO3 BRM1.4. 
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Figure 4.14. A summary of average particle size of Ca2Al-NO3 BRMw at different water-to-surfactant 

ratios (w = 1 – 20). Error bars show the first standard deviation from the means. 

 

Table 4.4.  Data of statistical analysis of Ca2Al-NO3 BRMw particle diameter. 

Sample 
Mean particle diameter 

(μ/nm) 

Standard deviation 

(σ/nm) 

Variance 

(σ
2
/nm) 

Ca2Al-NO3 BRM19.6 432.5 113.8 12950.4 

Ca2Al-NO3 BRM13.7 370.7 92.2 8500.8 

Ca2Al-NO3 BRM10.6 148.0 47.9 2294.4 

Ca2Al-NO3 BRM4.6 137.3 26.6 707.6 

Ca2Al-NO3 BRM3.4 133.5 25.6 655.4 

Ca2Al-NO3 BRM2.7 128.7 23.8 566.4 

Ca2Al-NO3 BRM2.3 58.7 5.5 30.3 

Ca2Al-NO3 BRM1.7 58.3 6.6 43.6 

Standard deviation )(
2

11

1
)(   


iN
x

N

i
 

 

 

 



                                                                                                                                 Chapter 4 

128 

Overall, the TEM data indicate that the water-to-surfactant ratio in the polyethylene glycol 

dodecyl ether reverse micelle microemulsion has an influence on the morphology, particle 

size, and size distribution of the LDHs. Once the particles attain their final size during 

preparation, surfactant molecules attach to the surface of the LDH particles, thus 

stabilising and protecting them against further growth. Therefore, size and shape of the 

nano-droplets created by the surfactants can be inferred from the size and morphology of 

the isolated materials. In the organic system without the addition of polyethylene glycol 

dodecyl ether, various morphologies and a wide size distribution of LDH particles were 

found; presumably the aqueous phase was unstable, and formed unclassified shaped 

regions. Spherical micelles can form when the surfactant is introduced into the system 

within the range of critical micelle concentration. As more surfactant is added into the 

system, the spherical micelles become smaller and more uniform. A schematic illustration 

of micelles formed in response to the addition of surfactant is shown in Figure 4.15. 

Ca2Al-NO3

BRM10.6 - 19.6

Ca2Al-NO3

BRM3.4 - 4.6
Ca2Al-NO3

BRM1.7 – 2.7
Ca2Al-NO3 CP

x

z

y

 

Figure 4.15. Schematic illustration of the LDH platelet size in the water pools controlled by polyethylene 

glycol dodecylether reverse micelles (BRMw) at different water-to-surfactant ratios (w). 

 

At very high surfactant concentrations, an excess amount of surfactant prevents the 

formation of spherical shaped water pools. The hydrophilic heads of the surfactant could 

connect to form bigger water pools, while the hydrophobic tails could point out into the 

organic phase; thus causing micelles to transform from spherical to cylindrical 

morphologies. In the case of added polyethylene glycol dodecyl ether, cylindrical micelles 

occur when the water-to-surfactant ratio is below 1.7. However, the crystal growth of the 

LDH platelets does not occur in this idealised cylindrical shape. Instead, a layered  

feather-like morphology was found in Ca2Al-NO3 BRM1.7 and Ca2Al-NO3 BRM1.4. 

Ca2Al-NO3 LDH prefers to build up layers perpendicular to the length of cylindrical 

micelle and expands the LDH framework in a- and b-axes along the length of the 

cylindrical micelle. An illustration of the explanation is shown in Figure 4.16. The water 

pool formation in reverse micelles as a function of surfactant concentration is summarised 

in Figure 4.17. 
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Figure 4.16. Cylindrical micelles showing the LDH growth planes when water-to-surfactant ratio in 

reactions is less than 1.7. Surfactant molecules are omitted for clarity. 
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Figure 4.17. Schematic illustration of water pool formation in reverse micelles as a function of surfactant 

concentration. Surfactant molecules are omitted for clarity. 
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However, there are a number of publications investigated the study of micelle solutions by 

using Small angle neutron scattering (SANS) and found that the size of a typical micelle is 

around 50 Å and is made of about 100 surfactant molecules.
51, 55, 56

 Small angle neutron 

scattering (SANS) is a technique used to observe micelle structures i.e. sizes and shapes 

and the micelle interactions by the scattering of a monochromatic beam of neutrons from 

the micelles dispersed in a homogeneous medium. The mean particle diameter of the 

synthetic LDHs observed by TEM is overall significantly larger than the typical size of 

micelle. It is possible to explain that the micelles can be grown up during aging stage of 

the synthesis due to the rigidity and the inter-micellar interaction of micelles.
37

 

 

4.3.4 Atomic Force Microscopy (AFM) study 

Atomic force microscopy has been used to study the morphologies and size distribution of 

Ca2Al-NO3 BRMw samples (Figure 4.18 and 4.19). All samples were highly dispersed in 

absolute ethanol with sonication, and then coated on Si wafer substrates and Highly 

Ordered Pyrolytic Graphite (HOPG). It was observed that Ca2Al-NO3 BRMw samples can 

be coated on Si wafers more firmly than on HOPG due to the higher surface charge of the 

Si wafers. Based on the AFM images it can be seen that, size and morphology of the 

LDHs change depending on the water-to-surfactant ratio employed; the size and 

morphologies become smaller and more uniform when the water-to-surfactant ratio 

decreases until w = 2.3. The morphologies of the LDH material become less structured 

and more cylindrical in shape when the water-to-surfactant ratio is below 2.3. This again 

supports the hypothesis that the water pools made by the surfactants and the co-surfactants 

can be tailored in order to acquire different sized and shaped water pools. 

 

In cases where the water-to-surfactant ratio is high, the surfactants and the co-surfactants 

can facilitate large spherical water pools, whereas systems containing more surfactants or 

co-surfactants can have smaller sized spherical water pools. In the cases of polyethylene 

glycol dodecyl ether (Brij 30), spherical shaped reverse micelles could be formed in 

organic solution by adding Brij 30 in the range of the critical micelle concentration. From 

this study, we can predict that the shape of the water pools can be spherical for water-to-

surfactant ratios between the values of 2.3 and 10.6. At lower water-to-surfactant ratios, 

the shape of the water pools would become more cylindrical and appear larger in size 

(Figure 4.18(a) and 4.19(b)). 



                                                                                                                                 Chapter 4 

131 

 

 

Figure 4.18. AFM images at high magnification (750 X 750 nm
2
) on Si wafers of (a) Ca2Al-NO3         

BRM10.6, (b) Ca2Al-NO3 BRM4.6, (c) Ca2Al-NO3 BRM2.7, and (d) Ca2Al-NO3 BRM2.3. 
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Figure 4.19. AFM images at high magnification (750 X 750 nm
2
) on Si wafers of (a) Ca2Al-NO3 BRM1.7, 

and (b) Ca2Al-NO3 BRM1.4. 

 

4.3.5 Scanning electron microscopy and energy-dispersive X-ray spectroscopy 

study 

Scanning electron microscopy is another technique used to study both the morphology and 

the size of the particles. The SEM images of Ca2Al-NO3 BRM19.6 and Ca2Al-NO3 

BRM13.7 are shown in Figure 4.20. The average particle sizes of the LDH samples are in 

close agreement with the TEM data previously discussed (Section 4.3.3). The SEM 

instrument was equipped with an energy-dispersive X-ray spectroscopy (EDX). Therefore,  

EDX spectroscopy was used to provide an estimation of the Ca/Al atomic ratios in these 

samples. The results are summarised in Table 4.4 given the surface sensitivity of the EDX 

technique. The samples show a Ca/Al atomic ratio of ca. 2.0. 
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Figure 4.19. SEM images of (a) Ca2Al-NO3 BRM19.6, (b) Ca2Al-NO3 BRM13.7, and (c) EDX spectrum 

of Ca2Al-NO3 BRM19.6 on Au/Ti/Si wafer substrate. 

 

4.3.6 Thermogravimetric and elemental analysis 

Thermogravimetric analysis (TGA) was used to determine the thermal stability of the 

Ca2Al-NO3 BRMw series. A typical TGA plot for a Ca2Al-NO3 BRMw sample is shown 

in Figure 4.21. 

 

In general, results show that the cointercalated water is lost at temperatures up to 150 °C, 

followed by the loss of water by dehydroxylation of the LDH layers. From 400 °C 

onwards, the decomposition of nitrate occurs. The final product remaining at 700 °C is a 

mixture of Mayenite (Ca12Al14O33, JCPDS 01-070-2144), and Lime (CaO, JCPDS              

00-048-1467). 
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Figure 4.21. TGA plot for Ca2Al-NO3 BRM13.7 from 30 to 700°C. 

 

The elemental composition of the Ca2Al-NO3 BRMw series can be determined from the 

EDX, TGA and elemental analysis data, which is summarised in Table 4.5. Results show 

the Ca2Al-NO3 BRMw samples all contained minor amounts of organic impurities which 

are potentially due to the presence of adsorbed polyethylene glycol dodecyl ether 

surfactant which is possibly located on surface of the LDH particles.   
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Table 4.5. Chemical composition and formula of Ca2Al-NO3 BRMw series. 

Ca2Al-NO3 BRMw 

 Chemical composition, obs. (calc.); (wt%) 

Ca/Al 

mol ratio* 

C H N Formula 

Ca2Al-NO3 CP 1.96 
0.0 

(0.0) 

4.8 

(4.8) 

3.6 

(3.7) 
Ca2Al(OH)6(NO3)•6H2O 

Ca2Al-NO3 BRM19.6 1.88 
3.2 

(3.2) 

3.1 

(3.2) 

3.8 

(4.0) 

Ca2Al(OH)6(NO3)0.8•0.5H2O 

3.8 % BRIJ30 

Ca2Al-NO3 BRM13.7 2.10 
0.9 

(0.8) 

2.6 

(2.6) 

5.0 

(4.9) 

Ca2Al(OH)6(NO3)•0.5H2O 

1.0 % BRIJ30 

Ca2Al-NO3 BRM10.6 1.87 
1.4 

(1.5) 

3.1 

(3.2) 

3.4 

(3.5) 

Ca2Al(OH)6(NO3)0.7•H2O 

1.7 % BRIJ30 

Ca2Al-NO3 BRM4.6 1.90 
1.3 

(1.3) 

3.3 

(3.3) 

3.8 

(3.8) 

Ca2Al(OH)6(NO3)0.8•1.5H2O 

1.6 % BRIJ30 

Ca2Al-NO3 BRM3.4 1.92 
1.2 

(1.3) 

3.3 

(3.3) 

3.6 

(3.8) 

Ca2Al(OH)6(NO3)0.8•1.5H2O 

1.6 % BRIJ30 

Ca2Al-NO3 BRM2.7 1.84 
1.7 

(1.7) 

3.4 

(3.5) 

3.3 

(3.4) 

Ca2Al(OH)6(NO3)0.7•1.5H2O 

2.0 % BRIJ30 

Ca2Al-NO3 BRM2.3 1.87 
2.3 

(2.4) 

3.4 

(3.5) 

2.8 

(3.0) 

Ca2Al(OH)6(NO3)0.6•1.3H2O 

2.8 % BRIJ30 

Ca2Al-NO3 BRM1.7 1.89 
3.2 

(3.3) 

3.5 

(3.7) 

2.6 

(2.5) 

Ca2Al(OH)6(NO3)0.5•1.3H2O 

3.8 % BRIJ30 

Ca2Al-NO3 BRM1.4 1.82 
4.2 

(4.3) 

3.6 

(3.8) 

2.4 

(2.5) 

Ca2Al(OH)6(NO3)0.5•1.2H2O 

5.0 % BRIJ30 

Ca2Al-NO3 WO 1.88 
0.0 

(0.0) 

2.9 

(2.9) 

2.5 

(2.8) 
Ca2Al(OH)6(NO3)0.5•0.6H2O 

* Determined by Energy-dispersive X-ray spectroscopy technique. 

C12H25(OCH2CH2)4OH = polyethylene glycol dodecyl ether (BRIJ30) used as a surfactant to 

control micelles in reverse emulsion. 
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4.4 The effect of HLB number on morphologies and size of Ca2Al-LDH 

materials. 

Octyl phenol ethoxylate (TritonX100) with a HLB = 13.5 has been used to compare the 

effect of the HLB values of a surfactant on the morphologies of the isolated LDH 

materials. The series of Ca2Al-NO3 TRMw has been synthesised over the range of critical 

micelle concentration, with w = 49, 65, and 98. The materials have been studied by 

powder X-ray diffraction, infrared spectroscopy, thermogravimetric analysis, elemental 

analysis, and transmission electron microscopy in order to compare the purity, 

crystallinity, size, and morphology of these materials within the series of Ca2Al-NO3 

TRMw samples. 

 

4.4.1 Powder X-ray diffraction data 

The powder X-ray diffraction patterns of Ca2Al-NO3 TRMw (w = water-to-surfactant ratio 

at 49, 65, and 98) are shown in Figure 4.22. The XRD data can be indexed using the unit 

cell dimension of Ca2Al(OH)6NO3•6H2O.
53

 The (004) Bragg reflection becomes 

significantly broader as the water-to-surfactant ratio (w) decreases from 98 to 49. 

5 10 15 20 25 30 35 40 45 50 55 60 65 70

(032),(302)(300)(008)

(006),(110)
(004)

(002)

(d)

(c)

(b)

In
te

n
s
it
y
 (

a
.u

.)

2Theta (
o
)

(a)

*

 

Figure 4.22. A summary of the powder XRD data for (a) Ca2Al-NO3 without octyl phenol ethoxylate in 

reaction (Ca2Al-NO3 WO), (b) Ca2Al-NO3 TRM98, (c) Ca2Al-NO3 TRM65, and (d) Ca2Al-NO3 TRM49. 

Reflections marked with 
■
 corresponding to Al(OH)3 and those marked with * correspond to CaCO3. 
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The full width at half maximum (FWHM) analysis of the (004) Bragg reflections for 

Ca2Al-NO3 TRMw are shown in Table 4.6. The XRD data for Ca2Al-NO3 TRM98 and 

TRM65 give materials that are very similar to the equivalent material formed in the 

absence of surfactants. 

 

Using a water-to-surfactant ratio of 49 results in the formation of a mixed phase material; 

the LDH compound is very poorly crystalline as determined by the FWHM of the (004) 

Bragg reflections. This is further supported by the TEM studies. 

 

Table 4.6. A summary of the X-ray diffraction data for Ca2Al-NO3 TRMw (w = 49, 65 and 98). 

 (004) Bragg Reflection (300) Bragg Reflection 

Sample  FWHM/
o
 CDS/nm FWHM/

o
 CDS/nm 

Ca2Al-NO3 TRM98 0.29 27.5 0.32 27.3 

Ca2Al-NO3 TRM65 0.20 39.9 0.33 27.2 

Ca2Al-NO3 TRM49 0.82 9.7 0.52 17.1 

Ca2Al-NO3 WO 0.24 32.6 0.37 24.2 

Ca2Al-NO3 CP 0.54 14.9 0.33 26.5 

FWHM = full width at half maximum, Scherrer equation (CDS = Kλ(βcosθ)
–1

), K = 0.89,
54

 

CDS  = Crystalline domain size, determined by scherrer equation. 

WO  = Ca2Al-NO3 synthesised in an organic solvent without surfactant. 

CP  = Ca2Al-NO3 prepared by co-precipitation. 

 

4.4.2 Transmission electron microscopy study 

Transmission electron microscopy technique shows that the morphologies and size 

distribution of the Ca2Al-NO3 TRMw series vary between samples. The morphologies of 

the LDH particles are relatively similar to the Ca2Al-NO3 synthesised in the organic 

system without adding octyl phenol ethoxylate. Flower-like structures can be found in 

Ca2Al-NO3 TRM98, as seen in the LDH made without the addition of a surfactant shown 

in Figure 4.23(b). The particle sizes in Ca2Al-NO3 TRM65 were on average, slightly 

bigger than those observed in Ca2Al-NO3 TRM98. There is a broad particle size 

distribution found in Ca2Al-NO3 TRM49 with a mean particle size of 240.63 nm and 

standard deviation of 132.14 nm.   
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Figure 4.23. TEM images of (a) Ca2Al-NO3 made in organic solvent without surfactant, (b) Ca2Al-NO3 

TRM98, (c) Ca2Al-NO3 TRM65, and (d) Ca2Al-NO3 TRM49. 

 

4.4.3 Discussion 

The series of Ca2Al-NO3 TRMw have been crystallised. Their particle crystallinity, size 

and morphology were compared with the series of Ca2Al-NO3 BRMw as previously 

described in Section 4.3. The data for the Ca2Al-NO3 TRMw series indicates that these 

materials contain impurities, do not adopt uniform shapes and have a wide size 

distribution. Hence, it can be concluded that octyl phenol ethoxylate (TritonX100) is not 

an effective surfactant in controlling the nucleation and growth of the LDH. Rigidity of 

micelles is one of the factors in controlling shape, size and stability of micelles. The 

colloidal stability of the microemulsion droplets plays a decisive role in the particle size 

(a) 

 

(b) 

 

(c) 

 

(d) 
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and distribution during the formation of LDH particles. In this chapter, there were two 

different types of surfactants, classified by their Hydrophile-Lipophile Balance (HLB) 

value, which were used to modify the shape and sizes of micelles. It was found that 

morphologies and size distribution of the series of Ca2Al-NO3 TRMw were more variable 

when the surfactant with a higher HLB value was used in comparison to the Ca2Al-NO3 

BRMw series. Hydrophile-Lipophile Balance (HLB) is a significantly useful measure 

defining a balance that exists between the hydrophilicity and hydrophobicity of surfactant 

molecules. Octyl phenol ethoxylate (Triton X100), the surfactant with higher HLB value 

has a greater hydrophilicity, thus causing it to become unstable in organic matrices even 

when used within the ranges of critical micelle concentration. The micelle formation of 

the surfactant could become easier to give variation of size and shape of micelles, which 

can be observed in LDH particles after synthesis. Therefore, based on the study, 

surfactants with lower HLB values should be better stabilisers for water-in-oil emulsion 

systems.
49

 

 

4.5 Conclusions 

The synthesis of Ca2Al-NO3 LDHs via a non-ionic surfactant reverse microemulsion has 

been investigated. The use of different non-ionic surfactants have successfully been 

studied in terms of the amount and type of surfactant used, as classified by the 

Hydrophile-Lipophile Balance (HLB) values. Two different surfactants with varying HLB 

values were used to study their effects on the morphology and size distribution of the 

Ca2Al-NO3 LDHs. The Ca2Al-NO3 BRMw series made using polyethylene glycol dodecyl 

ether (Brij 30) gave uniform shape and sized platelet particles. The size and morphology 

of the particles could be controlled by varying the amount of polyethylene glycol dodecyl 

ether used. Ca2Al-NO3 platelets were formed with water-to-surfactant ratios in the critical 

micelle concentration. Feather-like Ca2Al-NO3 LDHs were formed at lower water-to-

surfactant ratios, which we infer is due to the formation of cylindrical shaped micelles. 

 

In the case of Ca2Al-NO3 TRMw synthesised by adding octyl phenol ethoxylate, which 

has higher Hydrophile-Lipophile Balance (HLB), the data shows the surfactant has a 

negligible effect on the morphology and the size of Ca2Al-NO3 LDHs. The morphology of       

Ca2Al-NO3 TRMw after synthesis is relatively similar to Ca2Al-NO3 made in organic 

solvent without octyl phenol ethoxylate. 
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This work demonstrates that the reverse microemulsion technique can be a suitable 

technique to make nanoplatelet LDHs with control over the morphology and size. 

However, one factor that needs to be considered is the solubility of the surfactant, as 

defined by its Hydrophile-Lipophile Balance (HLB) value. The solubility of the 

surfactants can affect the stability of micelles in the solution, giving various morphologies 

of LDH particles after synthesis. The nature, the surface activity of surfactants, and the 

colloidal stability of microemulsion droplets play critical roles on the particle size and 

distribution during the preparation of LDH particles. Hydrophilic surfactants with high 

water solubility are good stabilisers for oil-in-water emulsions and have high HLB values, 

while surfactants with low water solubility are good stabilizers for water-in-oil emulsions.  
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Chapter 5: Synthesis and Characterisation of Nitrite 

Intercalated Calcium Aluminum Layered Double Hydroxides 

 

5.1 Introduction 

The synthesis of nitrate intercalated layered double hydroxides in non-ionic surfactant 

reverse micelles has been successfully investigated in Chapter 4. Some of the parameters 

which can influence the size and shape of the as-prepared LDH particles using a reverse 

microemulsion have been discussed. In this chapter, the reverse micelle approach has been 

investigated for the synthesis of nitrite-intercalated layered double hydroxides. The aim of 

this work is to prepare novel LDHs that may be used as multifunctional additives in 

cements. 

 

Steel corrosion in concrete is one of the major causes of premature deterioration of 

reinforced concrete structures (Figure 5.1).
1-3

 In general, reinforcing steel tends to 

passivate with a thin adhering film of Fe2O3 under the alkaline conditions of cement 

hydration. This film is normally stable at pHs higher than 12.5 (Equations 5.1 – 5.4). 

Chloride ions can migrate into concrete from the environment, especially on contact with 

sea water. If the mobile chloride ions reach the embedded steel and exceed a certain 

critical concentration, the pH is lowered which affects the hydration reactions. At pH 

below 11.5 the normally passivated surface of the steel can be destroyed and iron chloro-

complexes can be synthesised, initiating an active corrosion area (Equation 5.5).
4-8

 

 

Fe (metal)  Fe
2+

 + 2e
–   

   Equation 5.1 

 

Fe
2+

 + 2OH
–
  Fe(OH)2   Equation 5.2 

 

4Fe(OH)2 + 2H2O + O2  4Fe(OH)3   Equation 5.3 

 

4Fe(OH)3  2Fe2O3•6H2O ; stable at pH > 12.5 Equation 5.4 

 

In the case, where chloride ion penetration occurs, the pH decreases; 

Fe(OH)2 + Cl
–
  Iron Chloro-complexes  Equation 5.5 
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Figure 5.1. Images of steel corrosion in reinforce concrete. 

 

There are many additives commonly considered to be corrosion inhibitors for reinforced 

concrete. For example, nitrite based corrosion inhibitors have been widely used. In 

particular, calcium nitrite is preferred over other corrosion inhibitors (sodium nitrite, 

sodium benzoate), because of the compatibility of the inhibitor with the complex 

chemistry of concrete.
4-8

 Nitrite helps to protect against formation of iron chloro-

complexes (corrosion products) by competing against the reaction of chloride and 

Fe(OH)2 (Figure 5.5), and in doing so favouring formation of the desirable Fe2O3 film: 

 

Fe(OH)2 + 2NO2
–
  Fe2O3 + NO +H2O  Equation 5.6 

 

It is proposed that the efficiency of nitrite-based corrosion inhibitors could be increased by 

controlled nitrite release from layered double hydroxides. In addition to releasing nitrite 

ions into the concrete, chloride ions might be trapped into LDH layers to replace nitrite. 

Furthermore, in Chapter 3 it was shown that the LDH materials can accelerate cement 

hydration.
9
 Therefore nitrite-intercalated LDH may offer the opportunity of a multi-

functional additive in cement. Furthermore, to improve the efficiency these additives, we 

propose to prepare nano-size LDH materials. This chapter describes the use of reverse 

microemulsion techniques to prepare nano-sized study Ca2Al(OH)6NO2.nH2O. 
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5.2 Synthesis of nano-sized nitrite intercalated Ca2Al-LDHs via non-ionic 

surfactant reverse micelles 

Following the procedure outlined in Section 4.3, 4 ml each of butan-1-ol and polyethylene 

glycol dodecyl ether (Brij 30) were added to 200 ml of isooctane. Polyethylene glycol 

dodecyl ether with a water to surfactant ratio of 10.6 was added to organic solution. 

Aqueous solutions were prepared separately: 0.13 g of Al(OH)3 and 1.37 g of NaNO2 

were mixed in 4.5 ml of 4M NaOH. The aqueous mixture was then introduced to the 

organic solution dropwise followed by the addition of 2.9 g of 30 %wt of Ca(NO2)2 

solution. The mixture was stirred vigorously at room temperature for 3 days. The product 

is denoted as Ca2Al-NO2 BRMw (w = 10.6) (Figure 5.2). Ca2Al-NO2 BRM10.6 has been 

characterised and compared with Ca2Al-NO2 CP formed via precipitation. The solid 

products are separated by centrifugation and then washed with a mixture of ethanol and 

water. For Ca2Al-NO2 CP, 0.6 g of NaOH and 0.13 g of Al(OH)3 were mixed in 250 ml of 

deionised water. 1.37 g of NaNO2 was added to the solution after the Al(OH)3 had 

completely dissolved. 2.90 g of 30 %wt Ca(NO2)2 solution was then added dropwise. This 

solution was stirred vigorously at room temperature for 3 days. 

 

5.2.1 X-ray powder diffraction data 

For the XRD data for Ca2Al-NO2 BRM10.6 and Ca2Al-NO2 CP are shown in Figure 5.2. 

The XRD data for Ca2Al-NO2 BRM10.6 and Ca2Al-NO2 CP can be indexed to the unit 

cell as shown in Table 5.1. The interlayer separation along c-axis for Ca2Al-NO2 

BRM10.6 and Ca2Al-NO2 CP are 7.58 Å and 7.57 Å, respectively. There is no appearance 

for the XRD pattern representing the intercalation of polyethylene glycol dodecyl ether 

between layers, or the precipitation of calcium surfactants. Ca2Al-NO2 BRM10.6 shows 

significant peak broadening of the (002) Bragg reflection. We observe large differences in 

the values derived from the Scherrer equation calculation between Ca2Al-NO2 BRM10.6 

and Ca2Al-NO2 CP as shown in Table 5.1. Comparing the crystalline domain sizes 

obtained from the (002) Bragg reflections of the analogous nitrate Ca2Al-NO3 with the 

nitrite Ca2Al-NO2, it can be seen that the crystalline domain size depends on the individual 

material synthesised even at the same water to surfactant ratio. 
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Figure 5.2. Summary of the powder XRD data for (a) Ca2Al-NO2 CP and (b) Ca2Al-NO2 BRM10.6. 

Reflections marked with 
■
 correspond to Al(OH)3 and reflection marked with * correspond to CaCO3. 

 

Table 5.1. A summary of the X-ray diffraction data for Ca2Al-LDHs. 

 (002) Bragg Reflection 

Sample  
Position 

2θ/
o
 

d/Å FWHM/
o
 

Crystalline Domain Size/nm 

Ca2Al-NO3 BRM 10.6 10.50 8.43 0.18 43.8 

Ca2Al-NO2 BRM 10.6 11.67 7.58 0.33 23.9 

Ca2Al-NO2 CP 11.69 7.57 0.26 30.4 

FWHM = full width at half maximum, Scherrer equation (CDS = Kλ(βcosθ)
–1

), K = 0.89.
19

 

CDS = Crystalline Domain Size, determined by Scherrer equation. 
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5.2.2 Infrared spectroscopy data 

The FTIR spectra of the Ca2Al-NO2 BRM10.6 and Ca2Al-NO2 CP are shown in         

Figure 5.3.  IR absorptions represent the stretching vibrations of the hydroxyl groups in 

the inorganic layers and of the interlayer water between 3700-3000 cm
–1

. The O-H 

bending vibration of interlayer water can be observed at 1644 cm
–1

. The Ca2Al-NO2 

samples also exhibited absorptions at 1322 and 1225 cm
–1

 which confirm the presence of 

intercalated NO2
–
 anions corresponding to the N-O stretching of NaNO2 in Figure 

5.3(a).
10-12

 The IR data confirm that the interlayer nitrite ions can be further oxidised to 

nitrate ions which the N-O stretching of nitrate appears at 1413 and 1365 cm
-1

. The 

interlayer oxidation of the Ca2Al-NO2 LDHs occurred because the nitrite anion can be 

oxidised to nitrate under mild conditions.
12

 

 

          Equation 5.7 

           

Equation 5.8 
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Wavenumber (cm
-1
)

Diamond absorption

 

Figure 5.3. IR spectra of (a) NaNO2, (b) Ca2Al-NO2 CP, (c) Ca2Al-NO2 BRM10.6, and Ca2Al-NO2 CP 

after 1 month post-synthesis. 
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5.2.3 Electron microscopy and energy-dispersive X-ray spectroscopy study 

TEM imaging reveals that the average diameter of the Ca2Al-NO2 BRM10.6 platelets is 

ca. 220 nm with a hexagonal-shaped platelet morphology (Figure 5.4(a) and 5.4(b)). The  

SEM images of Ca2Al-NO2 CP also show a platelet morphology with a much larger 15 

micron particle size (Figure 5.4(c) and 5.4(d)). The results indicate that the                     

co-precipitation method produces LDH particles of much larger size than the reverse 

micelle emulsion synthesis. 

 

It was found that nitrite intercalated LDH particles formed are significantly bigger in 

comparison to the size of nitrate intercalated LDH formed via an equivalent reverse micro-

emulsion approach. They are well-dispersed and more uniform platelets with 137.3 ± 23.8 

nm size in the case of the Ca2Al-NO3 BRM10.6. Energy-dispersive X-ray spectroscopy 

has been used to analyse Ca/Al atomic ratio of LDH materials. Chemical composition of 

the materials was summarised in Table 5.2. 
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Figure 5.4. (a), and (b) TEM images of Ca2Al-NO2 BRM10.6; (c) and (d) SEM images of Ca2Al-NO2 CP. 

 

 

5.2.4 Thermogravimetric and elemental analysis 

Thermogravimetric analysis (TGA) was used to determine the thermal stability of    

Ca2Al-NO2 BRM10.6 (Figure 5.5). On increasing the temperature from room temperature 

up to 150°C, cointercalated water is lost from LDH samples. The loss of water from 

dehydroxylation of the LDH layers occurs between 150 – 400°C. Nitrite starts to 

decompose above 400°C, giving a final product as a mixture of metal oxide, Mayenite 

(Ca12Al14O33), and Lime (CaO). 

(a) (b) 

(c) (d) 
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Figure 5.5. TGA plot for Ca2Al-NO2 BRM10.6 from 30 to 700°C. 

 

Table 5.2. Summary of the elemental analysis data of Ca2Al-NO2 BRM10.6 and Ca2Al-NO2 CP. 

 

 Chemical composition, obs. (calc.); (wt%) 

Ca/Al 

mol ratio* 

C H N Formula 

Ca2Al-NO2 BRM10.6 1.9 
3.2 

(3.1) 

5.2 

(5.3) 

4.0 

(3.7) 

Ca2Al(OH)6NO2•6H2O 

5.0 % BRIJ30 

Ca2Al-NO2 CP 1.95 
0.0 

(0.0) 

4.2 

(4.0) 

4.7 

(4.5) 
Ca2Al(OH)6NO2•3.1H2O 

* Determined by Energy-dispersive X-ray spectroscopy technique. 

C12H25(OCH2CH2)4OH = polyethylene glycol dodecyl ether (BRIJ30) used as a surfactant to 

control micelles in reverse emulsion. 
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5.3 Effects of nitrite intercalated Ca2Al-LDHs on cement hydration 

To study the effect of adding nitrite intercalated Ca2Al-LDHs on the hydration chemistry 

of cement, the time-dependence of the elastic modulus (G’) of cement has been 

investigated using the ultrasound shear-wave reflection equipment (Section 7.2.2). The 

LDHs made using the co-precipitation technique were mixed with cement and water  (at 

water to cement ratio as 0.4) by a high speed mixer and the resulting cements compared to 

cement with different amount of calcium nitrite added. For example, 16%wt of a nitrite 

intercalated Ca2Al-LDH was added to give the amount of nitrite anion as 3.55%wt, which 

is comparable to the amount of calcium nitrite added to cement. Nitrite additives normally 

used in the range 1 – 4%wt.
2, 13

 The storage elastic modulus of a range of cement samples 

was measured as a function of time (Figure 5.6). The effect of the nitrite intercalated 

Ca2Al-LDHs was compared to a pristine cement sample and cement sample added 

calcium nitrite. From the inspection of the time-dependence of G’, the setting point of the 

cement mixture can be determined when G’ starts to increase from zero. The setting point 

data are summarised in Table 5.3. 
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Figure 5.6. A plot of the storage elastic modulus (G’) of various cement samples as a function of hydration 

time (a) Portland cement, (b) Portland cement with 2 %wt of Ca2Al-NO3, (c) Portland cement with 1 %wt 

Ca(NO2)2, (d) Portland cement with 4%wt Ca(NO2)2, and (e) Portland cement with 16%wt of Ca2Al-NO2 CP 

containing 3.55%wt nitrite. 
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Table 5.3. The setting point of cement samples determined from the storage elastic modulus data. 

Cement samples Setting point (hours) 

SKK cement 3.3 

SKK cement with added 2 %wt Ca2Al-NO3 2.3 

SKK cement with added 1 %wt Ca(NO2)2 2.4 

SKK cement with added 4 %wt Ca(NO2)2 0.9 

SKK cement with added 16 %wt Ca2Al-NO2 3.3 

#
Error in the setting point measurement is thought to be ca. 0.1 hour. 

 

From the elastic modulus data, it can be postulated that nitrite intercalated LDH can 

accelerate hydration reactions of cement compared with plain cement. However, for 

cement samples with the same nitrite loading (by weight), the LDH additive is obviously 

less efficient than calcium nitrite as an accelerator, as can be seen by the reaction time of 

hydration reactions at points of a given elastic modulus. Nitrite can behave as an 

accelerator, as nitrate (formed by oxidation of nitrite) forms a salt with the aluminate 

phase in cement.
14, 15

 Presumably the nitrite intercalated LDH can activate the hydration 

reaction less effectively than calcium nitrite because of controlled release from LDH 

structures. In addition, the total amount of nitrite released from Ca2Al-LDH systems is less 

than nitrite from calcium nitrite in cement. 

 

Comparing with nitrite intercalcated LDHs, nitrate intercalated LDHs can increase the 

hydration reaction more effectively at lower loading. Calcium nitrate is normally used as 

an accelerator, as it can react with the calcium aluminate phase in cement to produce 

nitrate AFm (or called nitrate monosulfate, Ca3Al2O6.Ca(NO3)2.10H2O).
15

 This structure is 

similar to nitrate intercalated LDH. It can be assumed that nitrate can release into solution 

by itself or by ion exchange with other ions in the system. Nitrate can then react directly 

with the calcium aluminate phase to produce more nitrate AFm into the hydration system. 

The original LDH layers could be seed crystals for nucleation of hydrated cement growth. 

It therefore takes more time for nitrite released from Ca2Al-LDH to be oxidised to nitrate 

before reacting with the calcium aluminate phase.  
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Nitrite intercalated LDHs are now ready to be investigated for corrosion inhibition 

behaviour in concrete. However for corrosion inhibitor testing, the American Society for 

Testing and Materials (ASTM) has created a standard test method for an electrical 

indication of concrete's ability to resist chloride ion penetration (ASTM C1202) and a 

standard test method for the corrosion potentials of uncoated reinforcing steel in concrete 

(ASTM C876),
16, 17

 These tests require very specialised equipment which is not available 

at present. 

 

5.4 Conclusions 

Two new nitrite intercalated Ca2Al-LDHs have been synthesised via both the                 

co-precipitation and the reverse micro-emulsion method. The XRD patterns of Ca2Al-NO2 

BRM10.6 and Ca2Al-NO2 CP have been indexed to a hexagonal cell where a = b = 5.74 Å 

and c = 15.1 Å. Both materials have a hexagonal-platelet morphology as observed by 

electron microscopy. The average diameter of Ca2Al-NO2 BRM10.6 platelets is ca. 220 

nm while Ca2Al-NO2 CP platelets have a much larger 15 micron particle diameter. 

Compared to nitrate intercalated LDH synthesised via a reverse microemulsion at the 

same as water to surfactant ratio, the crystalline domain size is lower for nitrite Ca2Al-

LDH, as calculated from the X-ray diffraction data. However, the average diameter of 

nitrite intercalated Ca2Al-LDH particles is larger than of nitrate-intercalated Ca2Al-LDH. 

 

The reverse microemulsion technique using a non-ionic surfactant is a suitable way for 

obtaining uniform and size controllable LDH nanoparticles. Furthermore, it appears that a 

broad anionic selection for LDH synthesis is possible using non-ionic surfactant is used to 

tailor shape and size of micelles. Although, small amounts of surfactant adsorption onto 

the particle surface were confirmed by elemental analysis, the intercalation of surfactant 

into LDH framework is not observed. Use of non-ionic surfactants can reduce the 

adsorption and intercalation of surfactant on surface or into LDH layers compared to 

anionic surfactants, which can interfere the crystal growth of particles inside the 

microemulsion droplets. However, the amount of product formed via reverse 

microemulsion needs to be improved by scale-up in order to extend the physical testing.  
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The physical properties of Portland cement samples with additive nitrate- and nitrite-

intercalated Ca2Al-LDH made using co-precipitation have been studied by ultrasound 

shear-wave reflection. The elastic modulus data indicate that nitrite-intercalated LDH is 

less effective as an accelerator compared to calcium nitrite due to controlled release from 

LDH structures. However, nitrate-intercalated Ca2Al-LDH can perform as accelerator 

more efficiently. Due to lack of equipment for corrosion resistance testing, cement 

samples with nitrite intercalated Ca2Al-LDH have not yet been investigated for the 

concrete's ability to resist chloride ion penetration and corrosion potentials of uncoated 

reinforcing steel in concrete following the ASTM standard C1202 and C876, respectively. 
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Chapter 6: Surfactant Directed Synthesis of Calcium 

Aluminum Layered Double Hydroxides Nanoplatelets 

 

6.1 Introduction 

LDHs have been investigated for a number of applications such as: catalysts
1-3

, scavengers 

of pollutant anions
4
 and as additives for polymer application.

5
 However, in recent years 

the use of LDHs in the synthesis of inorganic/organic nanocomposites has created a new 

emerging class of material. Synthetic LDHs offer elemental precision and chemical 

homogeneity for the inorganic phase and LDH/polymer nanocomposites exhibit improved 

mechanical, thermal, and gas barrier properties and reduced flammability. Hydrocalumite-

like structures (Ca2Al-LDHs) are by-products of cement hydration. The LDHs have been 

studied and modified to play several important roles in cement including reducing water 

requirement or accelerating cement hydration.
6-9

 Therefore, it is of interest to see if 

hydrocalumite-like materials (Ca2Al-LDHs) could be prepared in a suitable form in order 

to act as an attractive component with enhanced physical properties in polymer 

nanocomposites. 

 

In order to achieve a high dispersion of the Ca2Al-LDHs in polymer nanocomposites,
10-13

 

a synthesis of highly dispersed Ca2Al-LDH with hydrophobic surfaces is required. The 

reverse micelles microemulsion technique is one of the effective methods for tailoring 

size, shape, composition and morphology of particles synthesised at the nano-scale.
14-19

 

There are many types of nanoparticles synthesised via this method such as metal 

nanoparticles (Pt, Rh, Pd, and Ir), metal oxide nanoparticles, and other inorganic 

nanoparticles (CdS and CaCO3).
15, 16, 20, 21

 O’Hare et al. reported the first synthesis of a 

layered double hydroxide (LDH) using this approach.
22-24

 In the present study, we report 

the synthesis of nanosized calcium aluminium LDHs in dodecylsulfate reverse micelles.  
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6.2 Synthesis of calcium aluminium LDHs via reverse microemulsion 

Spherical reverse micelles are formed by addition of an aqueous solution of sodium 

dodecylsulfate to isooctane. Butan-1-ol is added to facilitate the formation of reverse 

micelles (Figure 6.1). The aqueous phase confined in the micelles can then act as a 

“nanoreactor” for LDH synthesis. The nucleation and growth of the LDH platelets only 

occurs within the encapsulated water droplets. The size of the water pools can be 

controlled by the amount of water added and this is defined by the water to surfactant 

molar ratio w = [H2O]/[DDS]. An aqueous solution containing Ca(NO3)2•4H2O and 

Al(NO3)3•9H2O is then added in the mixture followed by a solution of NaNO3 and NaOH. 

The pH value of the mixture is then adjusted to around 11.5 and the mixture is heated at 

75
o
C under nitrogen for 5 days. Five different inverse micelle compositions were studied, 

with w ratios = 10, 20, 30, 40, and 50. These conditions prepared the LDHs denoted as 

Ca2Al-DDS RMn (n = 10, 20, 30, 40 and 50). 

 

The solid products were isolated by centrifugation and then washed with a mixture of 

ethanol and water. The fresh gel-like samples after centrifuge separation were stirred in 

the mixture of ethanol and water (1:1) until the gel-like structure changed to a free flowing 

microcrystalline powder.  

 

 



  Chapter 6 

157 

Ca(NO3)2

Al(NO3)3

NaNO3 NaOH
DDS

Water
Isooctane

w = [H2O]
[Surfactant]

di-cation
tri-cation
anion
water
isooctane
co-surfactant
surfactant
LDH

RM10, RM20, RM30-1, RM40 and RM50
(w = 10, 20, 30, 40 and 50)

RM30-2 (w = 30)

Separation (Refluxing)

Nucleation

Crystallisation

Separation (Washing)

 

Figure 6.1. Schematic illustration of the nucleation and growth of LDHs in a reverse micelle system. 

 

6.2.1 X-ray diffraction data 

The X-ray diffraction patterns of Ca2Al-DDS RMn (n = 10, 20, 30, 40 and 50), are shown 

in Figure 6.2. The XRD data for Ca2Al-DDS RMn (n = 10, 20, 30 and 40) exhibit a low 

angle, broad Bragg reflection that can be indexed as the (003) Bragg reflection 

corresponding to a dodecylsulfate intercalated LDH. The position for the (003) reflection 

varies slightly from sample to sample and corresponds to a d-spacing of between 23.7 and 

26.0 Å (Table 6.1). It is believed that the slight variation in the observed interlayer spacing 

may be due to slight variations in the amount of cointercalated water within the layers. 

The observed interlayer spacing is consistent with a monolayer orientation of the 

dodecylsulfate anions with a 69
o
 anti parallel angle between dodecylsulfate chain axis and 

the Ca2Al-LDH layer (Figure 6.3) this packing arrangement as previously observed by 

Lagaly and co-workers for dodecylsulfate intercalated ZnCr-LDHs.
25

 We observe a 

significant increase in the peak width at half maximum of the (003) Bragg reflections as 

the w value increases (Table 6.1). Application of the Scherrer equation would suggest that 

the crystalline domain length along the c-axis decreases from ca. 21.3 nm for Ca2Al-DDS 

RM10 to ca. 13.8 nm for Ca2Al-DDS RM40. The crystalline domain length derived from 

the 00l reflection line widths must be related to the thickness or stacking order of these 
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platelet samples. Given all the assumptions in the Scherrer analysis these values are in 

very good agreement with the measured thickness of the samples using AFM (vide infra).  

We do not observe any (003) Bragg reflection intensity for Ca2Al-DDS RM50 which 

suggests that this sample may be composed of too few layers to give sufficient coherence 

along the c-axis, AFM measurement indeed shows that these samples are on the order of a 

few layers thick. However, for these platelets we observe low intensity (110) and (200) 

Bragg reflections at 2θ = 31.1° and 36.1° corresponding to an     a = b = 5.74 Å which is 

typical for a unit cell of Ca2Al-LDH. 

 

In all samples, we also observed an additional series of much narrower Bragg reflections 

that can be indexed to the unit cell corresponding to crystalline Ca(DDS)2 at 2θ = 3.0° 

indicated in Figure 6.2. Comparison of the integrated intensity of the 00l reflections of 

Ca(DDS)2 compared to the LDH phases suggests that the amount of Ca(DDS)2 is 

relatively small in all the samples except for Ca2Al-DDS RM10. The relative amount of 

Ca(DDS)2 present in the sample decreases as the water to surfactant molar ratio increases. 

The formation of the highly insoluble Ca(DDS)2 may be promoted in the smaller water 

pools at low w due to a higher dodecylsulfate anion concentration. 

 

0 5 10 15

(a)

(b)

(c)

(d)

(e)

(0
0

6
)

R
e
la

ti
v

e
 i

n
te

n
si

ty

2Theta (
o
)

(0
0

3
)

(f)

      

30 32 34 36 38

(a)

(b)

(c)

(d)

(e)

(2
0

0
)

R
el

at
iv

e 
in

te
n

si
ty

2Theta (
o
)

(1
1

0
)

(f)

 

Figure 6.2. XRD data of (a) Ca(DDS)2, (b) Ca2Al-DDS RM10, (c)  Ca2Al-DDS RM20,  (d) Ca2Al-DDS 

RM30,  (e) Ca2Al-DDS RM40, and (f)  Ca2Al-DDS RM50. 
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Figure 6.3. A proposed schematic representation of the dodecylsulfate anions intercalated in Ca2Al-DDS 

RMn. 

 

Table 6.1. A summary of the X-ray diffraction data for Ca2Al-DDS RMn (n = 10-50). 

 003 Bragg Reflection 

Sample  
Position 

2θ/
o
 

d/Å FWHM/
o
 

Crystalline Domain Size (nm) 

Ca2Al-DDS RM10 3.73 23.7 0.37 21.4 

Ca2Al-DDS RM20 3.58 24.7 0.27 29.4 

Ca2Al-DDS RM30 3.40 25.9 0.36 21.7 

Ca2Al-DDS RM40 3.40 26.0 0.57 13.8 

Ca2Al-DDS RM50 NA NA NA _ 

NA = not observed, FWHM = full width at half maximum, Scherrer equation (CDS = Kλ(βcosθ)
–1

),             

K = 0.89.
26

 CDS = Crystalline domain size 

 

It was found that careful control of the post synthesis processing is required in order to 

obtain high quality samples. The XRD data for Ca2Al-DDS RMn samples change upon 

successive washings (Figure 6.4). For example, for Ca2Al-DDS RM30 and RM50 no 

Bragg reflections associated with Ca(DDS)2 are observed on first isolation of the LDHs 

but reflections due to this phase grow in steadily upon prolonged stirring in a 

water/ethanol mixture. The data is consistent with dodecylsulfate anions and Ca
2+

 leaching 

from the Ca2Al-DDS RMn nanoplatet which then generates insoluble Ca(DDS)2. The 

process may be driven by the very low solubility constant (Ksp) of Ca(DDS)2 (3.72 x 10
–10

 

mol
3
l
–3

 at 25
o
C).

27
 The water to surfactant ratio also has an influence on the rate of 

leaching and concomitant formation of Ca(DDS)2. Similar phenomena have been reported 

on the exfoliation of LDHs by post-synthesis methods such as ultrasonication technique.
28-

30
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Figure 6.4. The XRD patterns of (a) the Ca2Al-DDS RM30 and (b) Ca2Al-DDS RM50 after washing in for 

21 to 73 hrs. 

 

6.2.2 Thermogravimetric and elemental analysis 

Samples of Ca2Al-DDS RMn (n = 10-50) were analysed by TGA in order to determine the 

intercalated water content, and the processes by which their decomposition occurs at 

elevated temperatures. A typical TGA plot is shown in Figure 6.5. Ca2Al-DDS RM20 

decomposes by the well-established route observed for most LDHs intercalated with 

organic molecules. In the first step, the cointercalated water is lost at temperatures up to 

150°C, leaving a dehydrated LDH (calculated loss 4.1%, observed loss 4.2%). This is then 

followed by the loss of water from the hydroxide layers, and loss of SOx from the 

intercalated DDS anion. The final steps, from around 350°C onwards, is a combination of 

the further decomposition of the guest and the dehydration of the hydroxide layers, 

resulting in a final product that is a mixture of Mayenite (Ca12Al14O33, JCPDS                   

01-070-2144), and Lime (CaO, JCPDS 00-048-1467) (calcd. 37.0 %, obsvd. 35.0 %). 
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Figure 6.5. TGA plot for Ca2Al-DDS RM20 from 20 to 800°C. 

 

The elemental microanalysis data is shown in Table 6.2, since the XRD clearly shows that 

the samples contain varying amounts of Ca(DDS)2 we have attempted to obtain best fits 

by including Ca(DDS)2 as 2
nd

 impurity phase in the calculated figures. The microanalysis 

data for Ca2Al-DDS RM50 suggests that this material contains significantly less DDS than 

the other samples and we can only assume that the extremely small platelet size for this 

LDH results in being unable to retain sufficient DDS anions. 

 

Table 6.2. Elemental composition and proposed formula of Ca2Al-DDS RMn series. 

Ca2Al-DDS RMn 

Chemical composition, obs. (calc.); (wt%) 

C H N Formula 

RM10 30.0(30.7) 5.6(6.9) 0.0(0.0) Ca1.95Al(OH)6(C12H25SO4)0.9•H2O
a
 

RM20 26.2(26.5) 4.1(6.5) 0.0(0.0) Ca1.9Al(OH)6(C12H25SO4)0.8•H2O 

RM30 30.4(29.3) 6.3(6.7) 0.0(0.0) Ca2Al(OH)6(C12H25SO4)•H2O 

RM40 29.1(29.3) 6.7(6.7) 0.0(0.0) Ca2Al(OH)6(C12H25SO4)•H2O 

RM50 17.8(18.4) 4.2(5.2) 0.0(0.0) Ca1.69Al(OH)6(C12H25SO4)0.39 

a
Ca2Al(OH)6(C12H25SO4)•H2O would have calc (C%) = 29.2%. We have attributed the excess carbon to an 

additional 10% Ca(C12H25SO4)2 as a 2
nd

 phase (which is observed in the XRD). 
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6.2.3 Infrared spectroscopy data 

FTIR spectra of the Ca2Al-DDS RMn series all exhibit broad absorptions bands over the 

range 3700-3000 cm
–1 

with peak maxima around 3443 cm
–1

 due to the stretching vibration 

of hydroxyl groups of the inorganic layers and the interlayer water (Figure 6.6). The 

absorption peaks of asymmetric stretching vibration of CH3, asymmetric stretching 

vibration of CH2 and symmetric stretching vibration of CH2 of the dodecyl chain appear at 

2957, 2919 and 2850 cm
–1

, respectively. Weak absorption bands at 1637 and 965 cm
–1

 are 

assigned to bending vibrations of the interlayer co-intercalated water molecules.  The 

absorption bands at 1470, 1417 and 1379 cm
–1

 are attributed to CH2 scissoring, 

asymmetric bending and symmetric bending. The asymmetric ν(S=O) stretching and 

symmetric ν(S=O) stretching
31, 32 

modes are observed at 1213 and 1060 cm
–1

 and the 

ν(O=S=O) bending is observed at 720 cm
–1

.  The IR spectrum of a bulk sample of Ca2Al-

NO3 LDH exhibits absorptions at 1415 and 1348 cm
–1

 due to the presence of intercalated 

NO3
–
 anions (Figure 6.6(g)), these absorptions are not observed in the IR spectrum of the 

Ca2Al-DDS RMn phases. 
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Figure 6.6. IR spectra (a) - (e) a series of Ca2Al-DDS RMn (n = 10, 20, 30, 40 and 50), respectively,        

(f) Sodium dodecylsulfate, and (g) Ca2Al-NO3.  
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6.2.4 Electron microscopy study 

Transmission Electron Microscopy (TEM) has been used to investigate the platelet size, 

size distribution and the morphology of the Ca2Al-DDS RMn particles. The TEM images 

of a sample of Ca2Al-DDS RM10 (Figure 6.7(a)) show aggregates of platelet morphology 

particles with a size distribution around 18.7 ± 2.7 nm. The TEM images of Ca2Al-DDS 

RM20 (Figure 6.7(b)) revealed a well-dispersed platelet sample. By measuring the sizes of  

approx. 50 particles we determined that these dispersed platelets have a very narrow size 

distribution with an average diameter of 51.9 ± 3.2 nm. The average diameter of Ca2Al-

DDS RM30 platelets was found to be 42.1 ± 7.1 nm. The TEM images of Ca2Al-DDS 

RM50 indicate that the materials are composed of very thin platelets. However, the images 

cannot be used to determine the thickness of Ca2Al-DDS RMn particles since no edge-on 

particle structure could be found during TEM observation. These data directly show that 

the water:DDS ratio in the reverse micelles has an influence on the platelet size.
18
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Figure 6.7. TEM images at low magnification of Ca2Al-DDS RM samples (a) Ca2Al-DDS RM10,           

(b) Ca2Al-DDS RM20, (c) Ca2Al-DDS RM30, and (d) Ca2Al-DDS RM50. 

 

6.2.5 Atomic Force Microscopy (AFM) study 

AFM has been successfully employed to study the topographic morphologies of the  

Ca2Al-DDS RMn particles. In particular, this technique is ideal for determining the 

thickness of platelet samples. Dilute dispersed samples of Ca2Al-DDS RMn were 

deposited on a highly oriented pyrolytic graphite (HOPG) surface.  Figure 6.8 shows 

examples of the AFM scans for Ca2Al-DDS RM30 and Ca2Al-DDS RM50.  The cross-

sectional scans show that Ca2Al-DDS RM30 platelets have a thickness of 8 nm. The 

particles have a diameter of ca.  50 nm which is in good agreement with the TEM data.  

(a) (b) 

(c) (d) 
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An 8 nm thick platelet is consistent with a three layer model for Ca2Al-DDS RM30 

(Figure 6.8(e)). For Ca2Al-DDS RM50, the AFM data suggests the thickness of the 

particles to be around 5 nm with a diameter of ca. 100nm.  The thickness agrees well with 

the simulation of a two layer model for Ca2Al-DDS RM50 (Figure 6.8(f)). Assuming a 

circular disk-like morphology these platelets have aspect ratios (top surface:thickness) of  

330 and 2150 nm respectively. 

 

(a)  (b)  

(c) 

 

(d) 

 

 

(e) 

                          

 

(f) 

 

Figure 6.8. Three-dimensional AFM images of (a) Ca2Al-DDS RM30, (b) Ca2Al-DDS RM50; the      

cross-sectional image of (c) Ca2Al-DDS RM30, (d) Ca2Al-DDS RM50; and the structure model of 

schematic representations of the structures of (e) Ca2Al-DDS RM30 and (f) Ca2Al-DDS RM50. 

 

 

8 nm 

5 nm 

nm nm 

nm 

nm 
nm 

20.0 

0 0 

20.0 

50 

150 
100 

0 

10.0 10.0 

0 

0 0 50 50 100 100 150 
150 

50 

150 

100 
nm 

nm nm 



  Chapter 6 

166 

6.3 A study of washing effect on the particle size and morphology 

Remarkable structural difference arises from the different washing procedures required to 

remove the excess surfactant. Figure 6.9(a) shows an image for a Ca2Al-DDS RM30 

sample refluxed in ethanol. It is composed of hexagonal platelets with the maximum width 

around 50 nm. The contrast profile (Figure 6.9(c)) along the line observed the width of 

6.10 Å, in close agreement with the rhombohedral unit cell parameters (a = b = 5.74 Å) 

for Ca2Al(OH)6Cl•2H2O.
33 

By comparison, the round morphology was found for the 

Ca2Al-DDS RM30 sample after stirring in a mixture of water and ethanol (Figure 6.10(b)). 

The difference in diameter of the Ca2Al-DDS RM30 from the two different washing 

methods is negligible. The TEM results suggest that the separation method has an effect 

on the morphology of Ca2Al-DDS RMn particles. Treatment of the products with ethanol 

and heat can facilitate more crystalline particles and protect dodecylsulfate leaching from 

the interlayers. 

 

 

Figure 6.9. (a) TEM image of Ca2Al-DDS RM30 refluxed in a mixture of ethanol and water, (b) Fast 

Fourier Transform analysis (FFT), and (c) the contrast profile of the TEM image (a). 

 

(a) (b) 

(c) 
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Figure 6.10. TEM images of Ca2Al-DDS RM30 (a) refluxed in a mixture of ethanol and water, and         

(b) stirred in a mixture of ethanol and water. 

 

The XRD patterns (Figure 6.11) show that there are strong reflections when Ca2Al-DDS 

RM30 particles are dispersed in ethanol under reflux conditions to remove excess 

surfactant. It is generally acknowledged that the d-spacing (d003) of a DDS-intercalated 

LDH sample is about 27.2 Å.
25

 Similarly in the case of Ca2Al-DDS RM30 dispersed in a 

mixture of water and ethanol without refluxing, the d-spacing (d003) is around 25.0 Å. 
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Figure 6.11. XRD patterns of the Ca2Al-DDS RM30 samples following (a) refluxing in a mixture of 

ethanol and water, and (b) stirring in a mixture of ethanol and water. 

 

6.4 Conclusions 

The synthesis of dispersed, uniform nanoplatelet [Ca2Al(OH)6DDS]•H2O LDHs is 

reported.  The use of dodecylsulfate (DDS) derived reverse micelles allows us to control 

the nucleation and growth of these platelets by varying the water:DDS ratio. Nanoplatelets 

ranging from 18 nm to 100 nm in diameter have been isolated with an extremely narrow 

size distribution. These platelets are exceptionally thin and in the limiting case we have 

images of [Ca2Al(OH)6DDS]•H2O with a thickness of ca. 5nm which correspond to          

2 stacking repeats.  This study is further evidence that this approach has the potential to 

produce homogeneous dispersions of LDH nanosheets in organic matrices in order to 

prepare inorganic/polymer nanocomposites. 
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Chapter 7: Experimental details 

 

7.1 Analytical techniques  

7.1.1 Reflection X-ray powder diffraction 

X-ray powder diffraction (XRD) patterns were investigated by using a PANalytical X’Pert 

Pro diffractometer, with a solid state X’Celerator detector. Cu Kα radiation (λ(Kα1)           

= 1.5406 Å, λ(Kα2) = 1.5444 Å; λavg = 1.5419 Å) was used and operated in reflection 

mode, at 40 kV and 40 mA. Stainless steel plates were used as sample holders. The 

divergence slit was set automatic mode. The anti-scatter slit was changed to be suitable for 

series of samples. A 2
o
 slit was used for analysing samples synthesised via                      

co-precipitation method and ion-exchange reaction. 1/16, and 1/32
o
 slits were chosen for 

samples made by reverse microemulsion synthesis. 

 

7.1.2 Elemental analysis 

Elemental analyses were carried out by Elemental Analysis Service, School of Human 

Sciences, Science Centre, London Metropolitan University. C, H and N contents were 

calculated by quantitatively digesting the sample through oxidative combustion. Other 

elements were analysed using inductively coupled plasma (ICP) atomic emission 

spectroscopy carried out by Dr. Gareth Williams, University College London. 

 

7.1.3 Thermogravimetric analysis 

Thermogravimetric analyses were carried out on a Netzsch STA 409PC. Each sample (ca. 

20 mg) was placed in an alumina crucible and heated at a rate of 5 ºC min
-1

 between 30 ºC 

and 700 ºC under a flow of nitrogen gas. 

 

7.1.4 Scanning electron microscopy 

Scanning electron microscopy (SEM) has been investigated by using a JEOL SEM     

JEM-6610LV microscope at Harwell research complex. The microscope is fitted with an 

energy dispersive X-ray spectrometer (EDX) which was used to analyse elements and 
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composition of elements in samples. SEM samples were prepared on aluminium SEM 

stubs with carbon tape before sputtering with platinum for 120 seconds. 

 

7.1.5 Transmission electron microscopy  

Transmission electron microscopy was employed using a JEOL JEM-2100 LaB6 

microscope at an accelerating voltage of 120 kV at Harwell Research Complex, and a 

JEOL 4000EX microscope at the Department of Materials, University of Oxford, at an 

accelerating voltage of 80 kV for low magnification imaging and at 400kV for high 

resolution. 

 

For sample preparation, approximately 20 mg of sample was suspended in 1 ml of 

absolute ethanol by sonication for 10 minutes. Lacey carbon and continuous carbon film 

coated copper grids were then dipped into the solution. 

 

7.1.6 Atomic force microscopy 

Samples were dispersed in absolute ethanol with sonication at the same concentration as 

for TEM sample preparation, and deposited on highly ordered pyrolytic graphite (HOPG,      

10 x 10 x 3 mm from Agar) or silicon wafers (Agar) using a spin-coating technique at 

3000 rpm for 30 seconds. AFM imaging was performed using a Nanoscope Multimode 

system (Digital Instruments, UK) with a 4909E piezoelectric scanner by a tapping mode at 

room temperature. 

 

7.1.7 Infrared spectroscopy 

IR spectra were recorded on a Biorad FTS 6000 FTIR spectrometer using a high 

performance DuraSamplIR II diamond accessing an attenuated total reflectance mode in 

the range of 4000 – 400 cm
–1 

with 256 scans at 4 cm
–1 

 resolution. The strong absorption 

between 2500 – 1667 cm
–1 

is from the DuraSamplIR II diamond surface. 
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7.1.8 UV-VIS spectroscopy 

The UV spectra for kinetics studies of anion release were recorded using a double-beam 

PerkinElmer Lambda 750S spectrophotometer under study in the 200 to 700 nm region 

with an 1 nm data interval and 266.75 nm/min scan speed. The UV-VIS source was 

generated by a D2 lamp and a W lamp between the ranges of 200 – 319.20 nm, and  

319.20 – 700 nm, respectively. Samples were prepared in an UV quartz cuvette with a 10 

mm layer thickness. For absorbance calibration, series of standard solution were prepared 

covering the range of the expected concentration of additive release. In addition, the 

absorbances of LDHs in HCl solution were used to calibrate the complete release of LDHs 

(100 % release).  

 

7.2 In situ techniques 

7.2.1 Energy dispersive X-ray diffraction 

In situ time-resolved energy dispersive X-ray diffraction (EDXRD) was investigated at the 

Diamond Light Source using beamline I12. The ten-cell carousel was made to study the 

mechanism of the hydration of cement in comparison to a series of cement samples with 

additive-intercalated Ca2Al-LDHs [Ca2Al(OH)6X•6H2O, Ca2Al-X LDHs], and to study 

anion release from LDHs. The carousel was designed by Dr. Andrew Jupe, University of 

Oxford, and Dr. Thomas Connolley, a senior beamline scientist for beamline I12, 

Diamond Light Source. Each cell in the ten-cell carousel was made to fit culture tubes 

with a 12 mm external diameter. An image of the ten-cell carousel is shown in Figure 7.1. 

The carousel was rotated at a speed of 0.5 rpm and held for 20 seconds per cell to supply 

X-ray radiation with 4 seconds exposure time. 
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Figure 7.1. The ten-cell carousel on station I12. 

 

The wavelength selected was 0.224 Å (55.35 keV), calibrated to a CeO2 standard. The 

measurements were collected on a Thales Pixium detector (Pixium RF4343) which is a 2D 

detector with 148 x 148 μm
2
 pixel size, a 2880 pixels x 2881 pixels

 
active area with       

430 x 430 mm
2
 active area size. The angular range covered was 0.6 – 8.4 °2θ, taking 

account of the presence of a beam stop this corresponds to a d-spacing range of             

1.53 – 21.39 Å. The raw data from the Pixium detector were analysed by using the Fit2D 

program. This program was further used to fit Gaussian function to the reflections 

observed. The peak positions and widths were recorded and an automatic Gaussian fitting 

routine was used to obtain peak areas of the Bragg reflections.
1
 These values are 

subsequently converted to the extent of reaction at time t, maxI/(t)I)t(α hklhkl , where Ihkl(t) 

is the intensity given peak at time t, and maxIhkl  is the maximum intensity of this peak. 
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Figure 7.2. The setup on beamline I12 at Diamond Light Source. 

 

7.2.2 Ultrasound shear-wave reflection 

Ultrasound shear-wave reflection was one of techniques used to study the hydration 

reactions of cement in terms of reactivity by measuring changes in the physical properties 

of cement, such as stiffness. The change of physical properties can be inferred from the 

reflected wave. A digitizer generates a pulse in the ultrasound frequency range, which is 

transferred to a quartz sample stage (Figure 7.3(a)).
2-5

 When ultrasound pulses passing 

through the quartz contact the cement sample, some of signals get absorbed into the 

cement while the rest are reflected back into the quartz (Figure 7.3(b)). The reflected 

pulses are collected as raw data, and used to calculate the elastic modulus. Loss of 

amplitude and a phase shift of the reflected waves always occur as the hydration reaction 

develops (Figure 7.4). They were used as parameters to calculate elastic modulus using an 

equation shown below:  

 

          Equation 7.1 
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Where;  G’ = Elastic modulus  Z1 = impedance of quartz (substrate) 

r = Loss of amplitude  ϕ = Phase shift 

ρ = Density of liquid phase 

 

 

           

 

 

 

 

 

 

     

Figure 7.3. Schematic diagrams of (a) shear wave pulse contacting to sample, and (b) the ultrasound  

shear-wave reflection instrument. 

 

 

  

Figure 7.4. Ultrasound shear wave reflection data representing (a) loss of amplitude (r), and (b) phase shift 

(ϕ) over time. 

 

The Ultrasound shear-wave reflection instrument was designed and built by Dr. Andrew 

Jupe. Sample preparation is mentioned in Section 7.4.5. 
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The Ultrasound shear-wave reflection instrument was supplied X-ray radiation at station 

I12, Diamond Light Source to study the effect of nitrate-intercalated Ca2Al-LDH 

(Ca2Al(OH)6NO3•6H2O, Ca2Al-NO3) on the elastic modulus and hydration of cement 

observed by the Ultrasound shear-wave reflection technique and in situ X-ray diffraction. 

SKK cement and SKK cement with 1% wt of Ca2Al-NO3 added were investigated at 35 
o
C 

for 24 hours to accelerate the hydration reactions. The image of a quartz sample stage with 

temperature control block exposed in the X-ray beam is shown in Figure 7.5.  

  

 

Figure 7.5. An image of a quartz sample stage with temperature controlled block. 

 

7.3 Experimental details for Chapter 2 

The synthesis of novel doped variants of [Ca2Al(OH)6]Cl•nH2O by incorporating gallium 

in the LDH layers, [Ca2GaxAl(1-x)(OH)6]Cl•nH2O (Ca2GaxAl(1-x)-Cl) LDH where x = 0, 

0.05, 0.10, 0.15, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, and 1.00, were undertaken 

using the co-precipitation method.
6
 250 ml of a mixture of DI water and ethanol in a 2:3 

ratio was prepared and adjusted to pH 4 using HCl solution, followed by 2M NaOH until 

pH 11.5 was reached. Separately, CaCl2•2H2O, Al(NO3)3•9H2O, and Ga(NO3)3•H2O were 

mixed and added then to 10 ml of water. The amount of those salts was varied depending 
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on the amount of gallium doped into the LDHs designed (Table 7.1). After mixing, the 

solution was transferred into a glass Luer tip style syringe. This solution was then added 

into a water/ethanol mixture using a Semat A-99 syringe pump with a 1.59 ml.hr
–1

 flow 

rate. pH was controlled to be at 11.5 ± 0.1 by adding 2M NaOH. The mixture was stirred 

continuously at 65 
o
C for 2 days. All solid products were isolated by vacuum filtration and 

washed extensively with deionised water to remove impurities, followed by a small 

amount of acetone to facilitate drying. The samples were left to dry under vacuum for    

ca. 2 hours. All products were characterised using XRD, SEM, and EDX. (with additional 

techniques then employed if appropriate) 

 

Table 7.1. Experimental conditions employed to synthesise [Ca2GaxAl(1-x)(OH)6]Cl•nH2O. 

x value in 

[Ca2GaxAl(1-x)(OH)6]Cl•nH2O 

Amount of precursors (g) 

CaCl2•2H2O Al(NO3)3•9H2O Ga(NO3)3•H2O 

0 0.9703 1.2380 0 

0.05 0.9703 1.1760 0.0422 

0.10 0.9703 1.1141 0.0844 

0.15 0.9703 1.0522 0.1266 

0.20 0.9703 0.9903 0.1688 

0.30 0.9703 0.8666 0.2532 

0.40 0.9703 0.7428 0.3376 

0.50 0.9703 0.6190 0.4220 

0.60 0.9703 0.4952 0.5063 

0.70 0.9703 0.3714 0.5907 

0.80 0.9703 0.2476 0.6751 

0.90 0.9703 0.1238 0.7595 

1.00 0.9703 0 0.8439 

 

7.4 Experimental details for Chapter 3 

7.4.1 Starting materials 

Nitrate intercalated Ca2Al-LDH (Ca2Al(OH)6(NO3)•6H2O, Ca2Al-NO3 LDH) was 

synthesised using the co-precipitation method. 250 ml of 0.215M NaNO3 was prepared 

and adjusted pH to 11.5 with 2M NaOH. 3.542 g of Ca(NO3)2•4H2O and 2.855 g of 
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Al(NO3)3•9H2O were mixed in 20 ml of DI water. This precursor solution was transferred 

into the NaNO3 solution dropwise. The pH of the mixture was controlled by adding 2M 

NaOH, and was mixed vigorously at room temperature for 16 hours. Vacuum filtration 

and washing extensively with deionised water was used to remove impurities. The LDHs 

were then washed with a small amount of acetone to facilitate drying, and left to dry under 

vacuum for approximately 4 hours. The samples were studied by X-ray diffraction, 

Infrared spectroscopy, and Thermogravimetric analysis. 

 

7.4.2 Intercalation reactions 

All ion-exchange reactions were carried out in round bottom flasks with a magnetic stirrer 

bar. 2.4 g of superplasticiser; sodium naphthalene sulfonate, sodium lignosulfonate, and 

sodium polyacrylate were added separately into deionised water. These solutions were 

adjusted to pH 11.5. The solutions containing the superplasticiser in each reaction was 

heated before adding 1.0 g of nitrate intercalated Ca2Al-LDH (Ca2Al(OH)6(NO3)•6H2O,        

Ca2Al-NO3 LDH). All reactions were left at 40 
o
C for 16 hours. The superplasticiser- 

intercalated compounds were isolated by vacuum filtration and washed extensively with 

deionised water to remove impurities. They were then washed with a small amount of 

acetone to facilitate drying, and left to dry under vacuum for approximately 4 hours. All 

compounds were analysed by XRD, FTIR, SEM, EDS, NMR, TGA, and elemental 

analysis. Additional techniques were performed as required such as release tests 

employing UV and Ultrasound shear-wave reflection to study the release and the 

mechanical behaviours of the LDHs. 

 

7.4.3 Release test 

The series of superplasticiser-intercalated Ca2Al-LDHs was introduced into various 

anionic solutions expected to appear in cement solution, and into real cement solution 

isolated from cement paste (water to cement ratio = 0.8) at various times. The amount of 

superplasticiser intercalated was controlled to match the concentration of commercial 

superplasticisers used in concrete applications (0.4 %wt of cement). The LDHs were 

added into the solutions prepared by adding a 3-fold excess of sodium carbonate, sodium 

sulfate, or sodium silicate to 5 ml of deionised water, separately. The release properties of 

the LDHs were studied and compared to the release behaviours of the LDHs in water at 
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pH 7 and water at pH 13.5 at different reaction times. The solutions were separated using 

centrifuge separation technique and analysed by UV/VIS spectroscopy at wavelengths 

between 200 and 700 nm. Solid samples from the separation were analysed by X-ray 

diffraction. 

 

7.4.4 In situ X-ray diffraction studies 

Superplasticiser-intercalated Ca2Al-LDHs were prepared to study the kinetics and 

mechanism of the superplasticiser release from LDHs in sulfate and silicate anion 

solutions. 0.1 g of Ca2Al-naphthalene sulfonate, Ca2Al-lignosulfonate, and Ca2Al-

polyacrylate were prepared in culture tubes with a 1 mm tube thickness. Each LDH was 

mixed with 5 ml of silicate solution and 5 ml of sulfate solution separately. These 

solutions were prepared at the same concentration as used for release tests. After mixing, 

all samples were covered by screw caps and placed on the carousel. Each reaction was 

exposed to the X-ray beam and data was collected by a Pixium detector every 3 minutes 

with 4 seconds exposure time. All reactions were left to run for 10 hours.  

 

A number of additive-intercalated Ca2Al-LDHs were added to cement to study the 

mechanism of cement hydration using in situ X-ray diffraction. For sample preparation, 

100 g of cement and additives were mixed with 40 g of water by a high speed mixer at 

12,000 rpm for 30 seconds. The amount of additives added to each reaction is detailed in 

Table 7.2. Each cement paste was transferred into a culture tube with screw cap and 

placed on the  cauorsel. All samples were exposed to X-ray radiation at room temperature 

for 15 hours. 
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Table 7.2. Experimental conditions employed to study the mechanism of cement hydration. 

Additive Amount of additives used (%wt in cement) 

Ca2Al-naphthalene sulfonate 0.4 

Ca2Al-lignosulfonate 0.4 

Ca2Al-polyacrylate 0.4 

type D 0.4 

PC6 0.4 

Ca2Al-OH 0.5 

Ca2Al-OH 1.0 

Ca2Al-OH 2.0 

 

7.4.5 Ultrasound shear-wave reflection 

Superplasticiser-intercalated Ca2Al-LDHs were mixed with cement to study the 

mechanical properties of the cement. The amount of additives added was the same amount 

to that of the original superplasticisers calculated as 0.4 %wt of original superplasticisers 

in cement. 100 g of cement and superplasticiser was mixed with 40 g of water by a high 

speed mixer at 12,000 rpm for 30 seconds. The cement paste was transferred into a 

cylindrical tube connected to a quartz sample stage. 

 

7.5 Experimental details for Chapter 4 

A series of Ca2Al(OH)6NO3•2H2O (Ca2Al-NO3 LDHs) was prepared via reverse 

microemulsion method. For the Ca2Al-NO3 BRMw series (w = 1 – 20), 4 ml of butan-1-ol 

and polyethylene glycol dodecyl ether (Brij 30) was added to 200 ml of isooctane. The 

amount of polyethylene glycol dodecyl ether (Brij 30) was calculated to give a water to 

surfactant ratio in the range between 1 and 20 (denoted w). Reverse micelles could form 

upon adding 2 ml of NaNO3/NaOH mixture. 3 ml aqueous mixtures containing 1.134 g of 

Ca(NO3)2•4H2O and 0.9003g of Al(NO3)3•9H2O were then introduced to the organic 

mixture. The mixture was mixed at room temperature overnight. All products were 

isolated by centrifuge separation and washed with a mixture of water and ethanol (ratio of 

1:1). 
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For the series Ca2Al-NO3 TRMw (w = 49, 65, 98), the amount of reagents and solvent; 

butan-1-ol, isooctane, and the concentration of aqueous mixture of precursor solution in 

each reaction were controlled as employed for the series Ca2Al-NO3 BRMw except for the 

amount of octyl phenol ethoxylate (TritonX100). The amount of the surfactant was 

calculated to give water to surfactant molar ratios, w = 49, 65, and 98, which are over the 

range of critical micelle concentration (CMC). The procedure and condition followed were 

otherwise identical to the Ca2Al-NO3 BRMw syntheses.  

 

The series of Ca2Al-NO3 BRMw and Ca2Al-NO3 TRMw were studied by X-ray 

diffraction, Infrared study, Thermogravimetric analysis, Elemental analysis, Transmission 

Electron Microscopy, and Atomic Force Microscopy to compare purity, crystallinity, size, 

and morphology of these materials with the Ca2Al-NO3 synthesised via co-precipitation 

and reverse microemulsion without surfactants. 

 

7.6 Experimental details for Chapter 5 

Nitrite intercalated Ca2Al-LDHs have been studied to investigate whether nitrite can 

intercalate to LDHs which the material may be used as a smart multifunctional additive 

for cement applications, such as accelerator, and corrosion inhibitor. Two synthesis 

methods have been applied to acquire different particle size of LDHs. 

 

Ca2Al-NO2 CP was made via co-precipitation. 0.6 g of NaOH and 0.1287 g of Al(OH)3 

were mixed in 250 ml of deionised water. 1.3662 g of NaNO2 was added to the solution 

after the Al(OH)3 had completely dissolved. 2.9062 g of 30 %wt Ca(NO2)2 solution was 

then added dropwise. This solution was stirred vigorously at room temperature for 3 days. 

The product was separated by vacuum filtration technique and then washed with a small 

amount of acetone to facilitate drying, and left to dry under vacuum for approximately      

4 hours. 

 

Ca2Al-NO2 BRM 10.6 was synthesised by reverse microemulsion technique. 4 ml each of 

butan-1-ol and polyethylene glycol dodecyl ether (Brij 30) were added to 200 ml of 

isooctane. Polyethylene glycol dodecyl ether with a water to surfactant ratio of 10.6 was 

added to organic solution. Aqueous solutions were prepared separately: 0.13 g of Al(OH)3 

and 1.37 g of NaNO2 were mixed in 4.5 ml of 4M NaOH. The aqueous mixture was then 
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introduced to the organic solution dropwise followed by the addition of 2.9 g of 30 %wt of 

Ca(NO2)2 solution. The mixture was stirred vigorously at room temperature for 3 days. 

The product was separated from the mixture by centrifugation and washed with a mixture 

of water and ethanol (1:1). 

 

Nitrite intercalated Ca2Al-LDHs were fully characterised using X-ray diffraction 

technique, Transmission Electron Microscopy, Scanning Electron Microscopy,       

Energy-dispersive X-ray spectroscopy, Thermogravimetric, and elemental analysis, and 

physical tests of elastic modulus of additive-cement mixtures studied by Ultrasound 

Shear-wave reflection. 

 

7.7 Experimental details for Chapter 6 

The series of CaAl-DDS RMn (water to surfactant ratio, n = 10, 20, 30, 40, and 50) was 

synthesised via reverse microemulsion using sodium dodecylsulfate as emulsifier. 4 ml of 

butan-1-ol was added to 200 ml of isooctane. Sodium dodecylsulfate was employed into 

the mixture. The amount of the surfactant was calculated to give a water to surfactant 

ratios of w = 10, 20, 30, 40 and 50. Subsequently, 2 ml of 2.73M NaNO3 and 4M NaOH 

mixture was then added to the organic solution and followed by the addition of 3 ml of 

2.4M Ca(NO3)2•4H2O and 0.8M Al(NO3)3•9H2O mixture. The mixture was heated at      

75 
o
C under a nitrogen atmosphere for 5 days. The solid product was isolated by 

centrifuge separation and then washed with a mixture of ethanol and water until the      

gel-like structure changed to a free flowing microcrystalline powder. All samples were 

fully characterised by X-ray diffraction, Thermogravimetric and elemental analysis, 

Infrared spectroscopy, Transmission Electron Microscopy, and Atomic Force Microscopy. 
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Appendix I: X-ray diffraction data for new compounds 

I.i Data for Chapter 2 

 

Table I.i: Indexing of [Ca2Al(OH)6]Cl•1.1H2O (Ca2Al-Cl) and [Ca2Ga(OH)6]Cl•2.7H2O (Ca2Ga-Cl) 

synthesised via a co-precipitation method. 

    

h k l 
2Theta[obs]/

o
 

Ca2Al-Cl Ca2Ga-Cl 

0 0 3 11.40 11.34 

0 0 6 22.80 22.76 

1 0 4 23.51 23.28 

1 1 0 31.85 30.69 

1 1 3 33.31 32.78 

0 0 9 34.40 NA 

2 0 2 36.90 36.44 

1 1 6 39.30 38.53 

0 2 4 39.40 38.87 

2 0 5 41.02 NA 

1 0 10 42.58 42.55 

2 0 7 45.28 44.94 

1 1 9 46.94 46.80 

2 1 4 50.91 50.32 

0 2 10 53.60 53.40 

3 0 0 55.35 54.54 

3 0 3 56.65 55.87 

0 3 3 56.65 55.87 

   NA = Not observed. 
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Table I.ii: Indexing of [Ca2GaxAl(1–x)(OH)6]Cl•nH2O (Ca2GaxAl(1–x)-Cl; 0.05 < x < 0.4) synthesised via a co-

precipitation method. 

         

h k l 

 Ca2GaxAl(1–x)-Cl (x) (2Theta[obs]/
o
)   

 0.05 0.1 0.2 0.3 0.4  

0 0 3 11.42 11.30 11.30 11.30 11.32  

0 0 6 22.87 22.72 22.72 22.60 22.64  

1 0 4 23.57 23.45 23.40 23.40 23.34  

1 1 0 31.85 31.85 31.16 31.10 31.04  

1 1 3 33.20 33.20 33.08 33.07 32.96  

0 0 9 34.23 34.40 NA NA NA  

2 0 2 36.90 36.90 36.79 36.73 36.69  

1 1 6 39.28 39.30 38.85 38.73 38.71  

0 2 4 39.30 39.30 39.18 39.11 39.07  

2 0 5 41.02 41.01 40.90 40.89 40.80  

1 0 10 42.43 42.43 42.55 42.42 42.46  

2 0 7 45.28 45.28 45.26 45.12 45.18  

1 1 9 46.94 46.94 46.91 46.91 46.88  

2 1 4 50.91 50.91 50.91 50.80 50.78  

0 2 10 53.60 53.60 53.65 53.49 53.46  

3 0 0 55.35 55.35 55.27 55.16 55.08  

3 0 3 56.50 56.50 56.46 56.44 56.33  

0 3 3 56.50 56.50 56.46 56.44 56.33  

NA = Not observed. 
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Table I.iii: Indexing of [Ca2GaxAl(1–x)(OH)6]Cl•nH2O (Ca2GaxAl(1–x)-Cl; 0.5 < x < 0.9) synthesised via a       

co-precipitation method. 

         

h k l 

 Ca2GaxAl(1–x)-Cl (x) (2Theta[obs]/
o
)   

 0.5 0.6 0.7 0.8 0.9  

0 0 3 11.30 11.29 11.27 11.27 11.32  

0 0 6 22.73 22.72 22.71 22.64 22.68  

1 0 4 23.28 23.28 23.34 23.22 23.22  

1 1 0 30.98 30.87 30.81 30.75 30.69  

1 1 3 32.90 32.90 32.90 32.78 23.78  

0 0 9 NA NA NA NA NA  

2 0 2 36.60 36.55 36.50 36.46 36.44  

1 1 6 38.68 38.64 38.59 38.55 38.53  

0 2 4 39.00 38.96 38.90 38.87 38.87  

2 0 5 40.78 40.74 40.69 40.61 NA  

1 0 10 42.45 42.48 42.46 42.42 42.49  

2 0 7 45.15 45.10 45.04 44.99 44.96  

1 1 9 46.78 46.78 46.72 46.78 46.80  

2 1 4 50.64 50.56 50.46 50.38 50.35  

0 2 10 53.43 53.40 53.37 53.34 53.35  

3 0 0 55.03 54.92 54.79 54.70 54.59  

3 0 3 56.22 56.14 56.00 55.89 55.87  

0 3 3 56.22 56.14 56.00 55.89 55.87  

NA = Not observed. 

 

 

I.ii Data for Chapter 3 

It was found that there were not sufficient non-basal reflections to attempt a full indexing 

of the XRD patterns of the intercalation compounds reported in Chapter 3. However, the 

peaks that were visible could be indexed by hand using unit cells similar to the starting 

LDHs, but with an expanded c parameter for Ca2Al-NO3, a parameter ≈ 5.74 Å). 
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I.iii Data for Chapter 4 

 

Table I.iv: Indexing of Ca2Al(OH)6NO3·6H2O synthesised via a co-precipitation method (Ca2Al-NO3 CP) 

and a reverse microemulsion method without surfactant. 

    

h k l 
2Theta[obs]/

o
 

Ca2Al-NO3 CP Ca2Al-NO3 WO 

0 0 2 10.32 10.28 

0 0 4 20.64 20.64 

0 0 6 31.13 31.11 

1 1 0 31.13 31.11 

1 1 2 32.86 32.51 

2 0 0 36.13 36.08 

2 0 2 37.64 37.59 

0 2 2 37.64 37.59 

2 0 4 41.85 41.84 

0 2 4 41.85 41.84 

1 1 6 44.58 44.46 

1 0 8 45.89 45.78 

0 1 8 45.89 45.78 

2 1 0 48.43 48.33 

2 1 2 49.58 NA 

1 2 2 49.58 NA 

2 1 4 53.15 NA 

1 2 4 53.15 NA 

3 0 0 55.41 55.30 

3 0 2 56.46 56.46 

0 3 2 56.46 56.46 

3 0 4 59.80 NA 

0 3 4 59.80 NA 

3 0 6 64.86 NA 

0 3 6 64.86 NA 

0 0 12 65.85 65.95 

     NA = Not observed. 
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Table I.v. Indexing of Ca2Al(OH)6NO3·6H2O synthesised via a reverse microemulsion method at different 

water to Brij30 ratio (Ca2Al-NO3 BRMw, 3.4 < w < 19.6 where w is water to Brij30 ratio). 

         

h k l 

 Ca2Al-NO3 (2Theta[obs]/
o
)  

 BRM19.6 BRM13.7 BRM10.6 BRM4.6 BRM3.4  

0 0 2 10.28 10.42 10.45 10.36 10.44  

0 0 4 20.65 20.76 20.79 29.74 20.79  

0 0 6 31.18 31.12 31.30 31.13 31.13  

1 1 0 31.18 31.12 31.30 31.13 31.13  

1 1 2 32.91 33.00 33.00 32.86 32.81  

2 0 0 36.13 36.27 36.27 36.17 36.17  

2 0 2 37.64 37.79 37.79 37.69 37.64  

0 2 2 37.64 37.79 37.79 37.69 37.64  

2 0 4 41.94 42.05 42.05 NA NA  

0 2 4 41.94 42.05 42.05 NA NA  

1 1 6 44.46 44.67 44.78 44.78 44.78  

1 0 8 46.10 46.00 46.00 NA NA  

0 1 8 46.10 46.00 46.00 NA NA  

2 1 0 48.53 48.64 48.64 48.64 48.64  

2 1 2 49.60 49.80 49.81 NA NA  

1 2 2 49.60 49.80 49.81 NA NA  

2 1 4 53.18 53.29 53.29 NA NA  

1 2 4 53.18 53.29 53.29 NA NA  

3 0 0 55.41 55.52 55.52 55.30 55.41  

3 0 2 56.57 56.67 56.67 56.46 56.46  

0 3 2 56.57 56.67 56.67 56.46 56.46  

3 0 4 59.74 59.63 59.83 NA NA  

0 3 4 59.74 59.63 59.83 NA NA  

3 0 6 64.75 64.85 64.96 64.85 64.80  

0 3 6 64.75 64.85 64.96 64.85 64.80  

0 0 12 65.96 65.96 66.17 65.85 65.74  

NA = Not observed. 
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Table I.vi. Indexing of Ca2Al(OH)6NO3·6H2O synthesised via a reverse microemulsion method at different 

water to Brij30 ratio (Ca2Al-NO3 BRMw, 1.4 < w < 2.7 where w is water to Brij30 ratio). 

       

h k l 

 Ca2Al-NO3 (2Theta[obs]/
o
) 

 BRM2.7 BRM2.3 BRM1.7 BRM1.4  

0 0 2 10.39 10.46 10.41 10.05  

0 0 4 20.77 20.92 20.74 20.0  

0 0 6 31.11 31.09 31.08 31.09  

1 1 0 31.11 31.09 31.08 31.09  

1 1 2 32.91 32.76 32.67 32.81  

2 0 0 36.17 36.08 36.08 36.08  

2 0 2 37.64 37.64 37.64 37.64  

0 2 2 37.64 37.64 37.64 37.64  

1 1 6 44.78 NA NA NA  

2 1 0 48.64 NA NA NA  

3 0 0 55.30 55.30 55.30 55.30  

3 0 2 56.36 56.46 56.46 56.46  

0 3 2 56.36 56.46 56.46 56.46  

          NA = Not observed. 
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I.iv Data for Chapter 5 

 

Table I.vi. Indexing of Ca2Al(OH)6NO2•3.1H2O synthesised via a co-precipitation method (Ca2Al-NO2 

BRM10.6). 

    

h k l 
2Theta[obs]/

o
 

Ca2Al-NO2 CP 

0 0 2 11.70 

0 0 4 23.52 

1 1 0 31.31 

0 0 6 35.52 

2 0 0 36.22 

2 0 2 38.41 

0 2 2 38.41 

1 0 6 41.75 

0 1 6 41.75 

2 0 4 44.92 

0 2 4 44.92 

1 1 6 46.99 

0 0 8 47.96 

1 2 2 49.94 

2 1 2 49.94 

3 0 0 55.46 

0 0 10 61.33 

2 2 0 64.86 

 

 

 

It was found that there were not sufficient non-basal reflections to attempt a full indexing 

of the XRD patterns of Ca2Al(OH)6NO2•6H2O synthesised by a reverse microemulsion (Ca2Al-

NO2 BRM10.6)  due to weak Bragg reflections of nano-sized  Ca2Al-NO2 BRM10.6.  

 

I.v Data for Chapter 6 

It was found that there were not sufficient non-basal reflections to attempt a full indexing 

of the XRD patterns of Ca2Al(OH)6(C12H25SO4)•nH2O (Ca2Al-DDS) reported in      

Chapter 6 due to weak Bragg reflections of nano-sized  Ca2Al-DDS LDHs. 



 

Appendix II: Kinetics Models to Study the Kinetic Behaviour of 

Additive Releases 

 

Kinetics models have commonly been used to calculate rate constants of reactions and 

determine mechanistic data. The rate-determining step of common solid state reactions 

can be controlled by diffusion and chemical reactions. A generalised correlation of 

kinetics plot between the extent of reaction (α) and reduced time is shown in Figure II.i. A 

is an initial reaction, sometimes related to the decomposition of unstable materials. B is 

the induction period, often ended by the formation of stable nuclei or products of the 

reaction. C is the acceleratory period of growth from the nuclei which extend to the 

maximum rate of reaction at D. The continued expansion of nuclei will be terminated due 

to consumption of reactants and the lower rate of impingement of reactants in the 

deceleratory or decay period (E). The rate of the reaction slows from this stage until the 

reaction is completed at point F. 

 

Figure II.i. Generalised correlation between the extent of reaction (α) and time, representing characteristic 

kinetic behaviour observed for isothermal decompositions of solids.
1
 

 

In general, characteristic kinetic behaviour of the reactions is represented by a sigmoidal 

curved plot, although some stages may be negligible or absent. There are many kinetics 

models developed by different thought of the nucleation and the growth of nuclei. 

 

For laws of nucleation, there are examples of equations that assume local fluctuations of 

energy of a crystal of reactant at preferred sites are sufficient to produce a stable particle 
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of product. The mathematical treatment representing this probability of the occurrence of 

an unimolecular process is 

 

k1 = ν exp(-ΔG
’
N/RT) = νS1 exp(-E1/RT)  Equation II.i. 

 

Where   ν = The frequency of lattice vibration, 

  S1 = The term including entropy of activation (= exp(-ΔS
’
N/R)). 

 

For a nucleation rate, 

)( 01 NNk
dt

dN
    Equation II.ii. 

  

Where N0 = The total number of potential nuclei, 

 N = The number of nuclei present at time t. 

 

        N = N0 (1 – exp(−k1t))   Equation II.iii. 

          

          )exp( 101 tkNk
dt

dN
    Equation II.iv. 

 

Or     N = k1N0t exp(−k1t)   Equation II.v. 

 

The equation shown above gives the Exponential law of nucleation. The exponential can 

be approximated to a cubic term when k is small or ΔG
’
N is large: 

 

)6/12/11( 33

1

22

1101 tktktkNk
dt

dN
   Equation II.vi. 

 

If k1t << 1,  dN/dt = k1N0 or N = k1N0t  which gives the Linear law of nucleation. 

If k1t >> 1,  N = N0 at small value of t  which gives Instantaneous nucleation. 

 

From the assumption, it is unclear whether individual interactions can cause many steps 

needed in the nucleation stage. These steps could be either successive processes in the 

region of an active site, or the interactions of several mobile reactants while the product 
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species are presumably blocked. This assumption has been developed by Bagdassarian, 

who studied the kinetics of steps of a germ nucleus locating in x atoms (ions or molecules) 

of product.
1
 The associate is termed a group nucleus. It is assumed that the rate 

coefficients (kn) of individual atoms in the group are equal below x. 

 

    k0 = k1 = k2 = … = kx-1    Equation II.vii. 

 

For the individual atoms above x, kx all are equal but of greater value. 

kx = kx+1 = kx+2 = … = kx+n > kx-1    Equation II.viii. 

 

The generalised equation can be N = k
x
xt

x
.    Equation II.viiii. 

 

Allnatt and Jacobs modified the equation by using the number of germ nuclei received in x 

atoms. [REF] After the integration using the Laplace transformation, the modified 

equation is normalised as below. 

 

















xl

l
x

lyy

ly

l

xx

kk

tk
kkkkCNtN

0

,0

121000

)(

)exp(
.....)(   Equation II.x. 

 

If kit << 1,  For one step: N1(t) = N0C0k0t  = K1t 

  For two steps: N2(t) = N0C0k0k1t
2
  = K2t

2 

  
For x steps: Nx(t) = N0C0k0 …kxt

x
  = Kxt

x
 and dNx/dt = Kt

x-1
 

The equations above are Power laws of nucleation. 

 

For layered double hydroxides (LDHs), kinetic study of anionic releases from the LDH 

structures is a method to understand chemical and physical factors relating to the release 

rate of additives and the stability of the additive-intercalated LDHs. There are four 

selected kinetics models explored for these release systems including the Avrami-Erofe’ev 

model, the first-order model, the modified Freundlich model and parabolic diffusion 

model.
2
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II.i. The Avrami-Erofe’ev model 

This model has been successfully applied to study solid state kinetics of phase 

transformations, decompositions, and intercalation reactions for which the model was 

created by Melvin Avrami in 1939 from Johnson-Mehl-Avrami-Kolmogorov kinetics 

(JMAK).
3-5

 

 

The Avrami-Erofe’ev model is one of the model equations determining Sigmoidal kinetic 

characteristics as the behaviour of common solid state reactions. The general form of the 

model is shown below. 

α = 1– exp(-kt
n
)   Equation II.xi. 

 

–ln (1 – α) = kt
n   

          Equation II.xii.
 

 

 

Taking logarithms of the equation,  

ln(–ln (1 – α))  = n ln k + n ln t           Equation II.xiii.
 

 

Where α is reaction progress calculated from the ratio between the concentration of 

additive released at time (Ct) and the initial concentration of additive between interlayer of 

layered double hydroxide (C0). The plot of ln(–ln (1 – α)) against ln t allows n and k to be 

calculated. 

 

The exponent, n, of the Avrami-Erofe’ev equation can be used to explain the kinetics of 

nucleation and growth processes of nuclei, which has been explored by Hulbert. The 

kinetics of nucleation and growth processes can be examined by the calculation from the 

equations; n = β + λ for a phase boundary-controlled process, and n = β + λ/2 for a 

diffusion-controlled process. The nucleation rate of nuclei or product could be 

instantaneous, constant, or deceleratory depending on the value of β, whereas the 

dimensions of the nuclei growth can be defined from λ.
6
 

      

For layered double hydroxides, the nucleation site would be the interactive cations surface 

of LDH plates. It is possible that small anionic guests could intercalate into the layers 

instantly to replace the additive in the interlayers of LDHs. The intercalation rate can be a 
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deceleratory step in cases where some different anionic guests interfere or encounter each 

other during the intercalation process. After the nucleation period, the growth of nuclei 

could be two-dimensional growth along LDH platelets during the intercalation (Figure 

II.ii). One-dimensional growth could happen after the intercalation process parallel c-axis 

of LDH structure by guests already replaced into additive-intercalated LDHs. The rate-

determining step of LDHs for the Avrami-Erofe’ev model based on Hulbert’s 

modification could be controlled by (1) the rate of expansion of the interlayer space to 

accommodate anionic guests, called a phase boundary-controlled step, or (2) the rate of 

diffusion of anionic guests within the interlayer space called diffusion-controlled step. 

 

 

 

Figure II.ii. Growth of semi-circular nuclei in a thin plate of reactant.
1 

 

II.ii The first-order model 

This kinetics model is one of the simple kinetics models series mentioned the order of a 

reaction studied which is the sum of the exponents of the concentrations that appear in the 

rate equation. The model equation is a logarithmic correlation between the reaction 

progress (α) and reaction time (t) as shown below.
2, 7

 This equation often provides a 

perfect fit in numerous cases of desorption and ion-exchange kinetics. 

The first-order model of substance A 

 

dCA/dt  = – k’CA           Equation II.xiiii. 

 

Where CA is concentration of substance A 

    dCA/CA = – k’dt          Equation II.xv. 

     

ln CA  = – k’t + c         Equation II.xvi. 

 

Integration c is equal to the value of ln CA;  ln CA at t = 0, or ln CA
o
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    ln CA  = ln CA
o
 – k’t          Equation II.xvii. 

     

ln (CA/CA
o
) = – k’t          Equation II.xviii.

  

 

When the reaction progress is α in case of a desorption or an ion-exchange process;             

1 – α  = CA/CA
o
 

    ln (1 – α) = – k’t           Equation II.xix. 

 

II.iii The modified Freundlich model 

The modified Freundlich model is one of the models normally selected for the study of 

ion-exchange kinetics in mica, zeolites, soils, clays, and layered materials such as LDHs, 

because it describes desorption from heterogeneous surfaces based on a diffusion-

controlled process.
8
 The original form of the Freundlich equation is given below. It is 

modeled using the empirical two-parameter Freundlich isotherm.
9
 

 

       α = KFCe
1/n

             Equation II.xx.

  

Where KF is the Freundlich constant, Ce is the concentration of adsorbent at equilibrium, 

and n is a dimensionless parameter that varies between 0 and 1. 

 

This equation was modified by Kuo and Lotse in 1973 to study the kinetics of phosphate 

adsorption and desorption by hematite and gibbsite. The isotherm shown below was 

created with time-dependent form.
10

 

      α = Kt
n 

            Equation II.xxi. 

 

For linear plotting; 

ln α = ln K + n ln t           Equation II.xxii. 
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II.iv The parabolic diffusion model 

For kinetics study of ion-exchange or adsorption, the parabolic diffusion model is also 

used to determine the mechanism. This model assumes that diffusion-controlled 

phenomena are rate-limiting. The concept of thought to derive the model actually is from 

the rate of radial diffusion in a cylinder where diffused concentration in perpendicular 

directions is constant (Figure II.iii).
9, 11-13

 

 

 

Figure II.iii. Cylindrical growth of linear internal nuclei. 

  

α = (4/π
1/2

)(Dt/r
2
)
1/2

 − (Dt/r
2
) − (1/3π

1/2
)(Dt/r

2
)
3/2

         Equation II.xxiii. 

 

 

Where D is diffusion coefficient and r is the radius of the cylindrical diffusion. For small 

values of time t, the third term may be ignored. The diffusion coefficient may be 

calculated from the slope of the linear correlation between α/t and 1/t
1/2

.
14

 

 

α/t = (4/π
1/2

)(D/r
2
)
1/2

(1/t
1/2

) − (D/r
2
)               Equation II.xxiiii. 

 

 

In which the slope of the plot is (4/π
1/2

)(D/r
2
)
1/2

 and the intercept is − D/r
2
. 
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Appendix III: Kinetic Modelling with Superplasticiser  

Release Data 

 

III.i Kinetic studies of Ca2Al-naphthalene sulfonate 

III.i.i Ca2Al-naphthalene sulfonate in Na2CO3 solution 

  

  

 

Figure III.i. Plots of (a) Avrami-Erofe’ev model, (b) Elovich model, (c) The first-order model,                 

(d) Modified Fruendlich model, and (e) Parabolic diffusion model for the release of naphthalene sulfonate 

from Ca2Al-LDH in Na2CO3 solution. 

(a) (b) 

(c) (d) 

(e) 
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III.i.ii Ca2Al-naphthalene sulfonate in Na2SO4 solution 

   

  

 

Figure III.ii. Plots of (a) Avrami-Erofe’ev model, (b) Elovich model, (c) The first-order model,               

(d) Modified Fruendlich model, and (e) Parabolic diffusion model for the release of naphthalene sulfonate 

from Ca2Al-LDH in Na2SO4 solution. 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) 
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III.i.iii Ca2Al-naphthalene sulfonate in Na2Si3O7 solution 

   

   

 

Figure III.iii. Plots of (a) Avrami-Erofe’ev model, (b) Elovich model, (c) The first-order model,              

(d) Modified Fruendlich model, and (e) Parabolic diffusion model for the release of naphthalene sulfonate 

from Ca2Al-LDH in Na2Si3O7 solution. 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) 
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III.i.iv Ca2Al-naphthalene sulfonate in water at pH 13.5 

 

  

  

 

Figure III.iv. Plots of (a) Avrami-Erofe’ev model, (b) Elovich model, (c) The first-order model,               

(d) Modified Fruendlich model, and (e) Parabolic diffusion model for the release of naphthalene sulfonate 

from Ca2Al-LDH in water at pH 13.5. 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) 
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III.i.v Ca2Al-naphthalene sulfonate in water at pH 7 

 

  

  

 

Figure III.v. Plots of (a) Avrami-Erofe’ev model, (b) Elovich model, (c) The first-order model,                 

(d) Modified Fruendlich model, and (e) Parabolic diffusion model for the release of naphthalene sulfonate 

from Ca2Al-LDH in water at pH 7. 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) 
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III.i.vi Ca2Al-naphthalene sulfonate in cement solution 

  

  

 

Figure III.vi. Plots of (a) Avrami-Erofe’ev model, (b) Elovich model, (c) The first-order model,                 

(d) Modified Fruendlich model, and (e) Parabolic diffusion model for the release of naphthalene sulfonate 

from Ca2Al-LDH in cement solution at water/cement ratio = 0.8. 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) 



                                                                                                                             Appendix III 

206 

III.ii Kinetic studies of Ca2Al-lignosulfonate 

III.ii.i Ca2Al-lignosulfonate in Na2CO3 solution 

   

   

 

Figure III.vii. Plots of (a) Avrami-Erofe’ev model, (b) Elovich model, (c) The first-order model,             

(d) Modified Fruendlich model, and (e) Parabolic diffusion model for the release of lignosulfonate from 

Ca2Al-LDH in Na2CO3 solution. 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) 
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III.ii.ii Ca2Al-naphthalene sulfonate in Na2SO4 solution 

 

   

  

 

Figure III.viii. Plots of (a) Avrami-Erofe’ev model, (b) Elovich model, (c) The first-order model,            

(d) Modified Fruendlich model, and (e) Parabolic diffusion model for the release of lignosulfonate from 

Ca2Al-LDH in Na2SO4 solution. 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) 
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III.ii.iii Ca2Al-naphthalene sulfonate in Na2Si3O7 solution 

   

   

 

Figure III.ix. Plots of (a) Avrami-Erofe’ev model, (b) Elovich model, (c) The first-order model,                  

(d) Modified Fruendlich model, and (e) Parabolic diffusion model for the release of lignosulfonate from 

Ca2Al-LDH in Na2Si3O7 solution. 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) 
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III.ii.iv Ca2Al-naphthalene sulfonate in water at pH 13.5 

 

   

  

 

Figure III.x. Plots of (a) Avrami-Erofe’ev model, (b) Elovich model, (c) The first-order model,                 

(d) Modified Fruendlich model, and (e) Parabolic diffusion model for the release of lignosulfonate from 

Ca2Al-LDH in water at pH 13.5. 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) 
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III.ii.v Ca2Al-naphthalene sulfonate in water at pH 7 

 

 

   

   

 

Figure III.xi. Plots of (a) Avrami-Erofe’ev model, (b) Elovich model, (c) The first-order model,                  

(d) Modified Fruendlich model, and (e) Parabolic diffusion model for the release of lignosulfonate from 

Ca2Al-LDH in water at pH 7. 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) 
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III.ii.vi Ca2Al-naphthalene sulfonate in cement solution 

 

   

  

 

Figure III.xii. Plots of (a) Avrami-Erofe’ev model, (b) Elovich model, (c) The first-order model,                 

(d) Modified Fruendlich model, and (e) Parabolic diffusion model for the release of lignosulfonate from 

Ca2Al-LDH in cement solution at water/cement ratio = 0.8. 

 

(a) (b) 

(c) (d) 

(e) 



 

Appendix IV: The Storage Elastic Modulus Data using               

The Ultrasound Shear Wave Reflection 

 

IV.i The Storage Elastic Modulus of cement hydration 
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Figure IV.i. Time-dependence of the storage elastic modulus (G’) of cement during hydration: (a) SKK 

cement, and SKK cement with added; (b) Ca2Al-lignosulfonate, (c) sodium lignosulfonate, and (d) Type D. 
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Figure IV.ii. Time-dependence of the storage elastic modulus (G’) of cement during hydration: (a) SKK 

cement, and SKK cement with added; (b) Ca2Al-naphthalene sulfonate, (c) sodium naphthalene sulfonate, 

and (d) Type F. 
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Figure IV.iii. Time-dependence of the storage elastic modulus (G’) of cement during hydration: (a) SKK 

cement, and SKK cement with added; (b) Ca2Al-polyacrylate, (c) sodium polyacrylate, and (d) PC6. 
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