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Synopsis

Layered double hydroxides (LDHs) are clay-like minerals commonly referred to as “anionic

clays” with a wide range of physical and chemical properties. LDHs often find application

in pharmaceuticals, as polymer additives, as additives in cosmetics, as nanomaterial’s

and in catalysis. This is due to having variable layer charge density, reactive interlayer

space, ion exchange capabilities, a wide range of chemical compositions and rheological

properties (Forano et al., 2006).

Various techniques exist for the synthesis of layered double hydroxides. These include

co-precipitation, the urea method, induced hydrolysis, sol-gel and hydrothermal methods.

Many of these produce environmentally unfriendly effluents or by-products, are energy

intensive, make use of metallic salts or require inert synthesis environments (Rives, 2001).

Limitations associated with these existing processes make LDH synthesis at an industrial

level expensive or difficult to achieve. The need for ’green’, affordable and repeatable

synthesis methods are therefore often sought after.

Recently the use of mechanochemistry as an alternative synthesis technique has gained

wide-spread attention. Mechanochemistry involves the breaking and forming of chemical

bonds due to an induced mechanical force. Various mechanochemical techniques for the

synthesis of LDH materials exist or have been explored. These include methods such as

single-step, two-step and mechano-hydrothermal grinding techniques. Grinding methods

can be conducted dry, wet or collectively (Qu, Zhang, et al., 2015a). Mechanochemistry

has further been used in conjunction with micro-wave energy and ultrasonic irradiation.

The use of mechanochemistry as a synthesis method has proven to be promising with

successful and unique LDHs produced. Intercalation of unique or complex anions within

the interlayer has further been proven possible. The versatility and robust nature of this

synthesis method makes it ideal for industrial application.

Although many studies exist it was noted that limited research has been conducted on

single-step wet grinding for LDH synthesis and warrants further investigation (Qu, Zhang,

et al., 2015a) (Iwasaki,Yoshii, et al., 2012). This was due to factors such as incomplete

conversion, difficulties associated with grinding and morphological imperfections. Single-
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step wet milling could be benificial as a synthesis procedure as it eliminates hazards

associated with dry powder, contains less process steps and is therefore possibly more

cost effective and can be conducted batch, semi-batch or continuosly due to fluid flow.

Throughout the literature research conducted it was further noted that not many different

milling devices have been explored. Ball mills, mixer mills and manual grinding were

the most common methods used to supply mechanical energy to a system. The study

therefore aims to expand on single-step wet synthesis of LDH materials by making use

of a different milling device, namely a Netzsch LME 1 horizontal bead mill. The selected

mill is specifically designed for wet grinding application and can easily be up-scaled to

a commercial batch, semi-batch or continous process. Raw materials selected were a

combination of oxides, hydroxides and basic carbonates. This would eliminate hazardous

salt by-products and effluent, promoting ’green’ synthesis of LDH materials. It was noted

that the synthesis of LDH with the use of these materials have previously proven to be

challenging (Qu, Zhang, et al., 2015a).

Qualitative X-ray diffraction (XRD) analysis was selected as the primary analytical tech-

nique for the identification of the LDH phase. Conversion of raw materials to LDH

product could not accurately be determined due to the amorphous nature of samples

obtained. Rietveld refinement was therefore not conducted and the the exact conversion

not calculated. Trends in the conversion of raw materials to LDH product were instead

discussed. Fourier transform infrared spectroscopy (FT-IR) analysis was further con-

ducted to support XRD data and trends observed. X-ray fluoresence (XRF) was selected

to identify impurities within the system as was expected due to the grinding mechanisms

involved. The change in particle size and morphology were further investigated by making

use of particle size analysis (PSA) and scanning electron microscopy (SEM).

The study was divided up into two sections namely a ’parameter study’ and a ’versatility

study’. The ’parameter study’ involved exploring the influence of milling and experimen-

tal parameters, such as rotational speed, retention time, solids loading, bead size and

jacket water temperature, on the synthesis of Mg-Al LDH. The raw materials selected

were MgO and Al(OH)3 combined at a M2+: M3+ ratio of 2:1. The parameters were

individually investigated, with the exception of jacket water temperature as it was varied

with a change in retention time and a change in rotational speed. Unless stated otherwise

or under investigation, parameters were investigated at a set speed of 2000 rpm, jacket

water temperature of 30 °C, solids loading of 10 %, retention time of 1 h and with 2 mm

yttrium stabilised zirconia beads. Therefore when investigating a specific parameter, the

others remained as specified above.

Rotational speed was varied at 1000 rpm, 2000 rpm and 3000 rpm respectively at a jacket

water temperature of 30 °C, solids loading of 10 %, retention time of 1 h and with 2 mm
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yttrium stabilised zirconia beads. Results indicated a reduction in both the MgO and

Al(OH)3 peaks, however LDH peaks were not clearly identifiable. It should be noted that

minor quanitites of LDH could still be present within the sample. The presence of SiO2

was observed and peak reduction occured. This implies that peak reduction was likely the

result of amorphitisation and grinding activity. Raw material peak reduction increased

with an increase in rotational speed. This was expected as the number of collisions

and energy added to the system increased with an increase in rotational speed. This

was further corroborated with an increase in concentration of degradation contaminants,

with an increase in the rotational speed, observed through XRF analysis. Comparatively

results obtained for a change in rotational speed, at a jacket water inlet temperature of

50 °C, indicated a greater decrease in raw material peak intensity with an increase in

rotational speed. Minor primary and secondary LDH peaks were observable, however no

clear trend identifiable. The rate of LDH formation was expected to increase with an

increase in temperature.

The retention time was varied at 1 h, 2 h and 3 h for a jacket water temperature of 30 °C.

XRD results indicated a clear reduction in raw material peaks, including that of SiO2,

with an increase in retention time. This was expected as extended periods of milling

activity result in an increase in the overall amount of collisions to which the sample is

exposed. A minor LDH peak was observed to be present after 1 h of milling activity,

however decreased and dissapeared after 3 h. This was likely due to amorphitisation

or structural degradation of the LDH material. SEM imaging of the sample showed

a decrease in sample structure (softening of edges) with an increase in retention time.

Comparatively the sample synthesised at a jacket water temperature of 50 °C indicated

a more drastic reduction in raw material peaks with an increase in retention time. Minor

raw material peaks were observed after 3 h of milling and clear, broad LDH spectra

observed. SEM imaging indicated an increase in LDH platelet like structures with an

increase in retention time.

Solids loading was varied at 10 %, 20 % and 30 % respectively for a jacket water tem-

perature of 30 °C and conditions described above. No clear LDH pattern was observed

for a loading of 10 %, however minor peaks were present for loadings of 20 % and 30 %.

Raw material peak reduction was greatest at a loading of 10 %. An increase in the solids

loading resulted in a drastic increase in viscosity and therefore a decrease in the grinding

activity. LDH peaks present were likely due to the larger concentration of raw materials

available for reaction when compared to a lower solids loading. A reduction in grinding

activity was corroborated with a reduction in the quanitity of degradation contaminants.

Bead size was varied from 2 mm to 0.25 mm at a loading of 10 % and jacket water tem-

perature of 30 °C. The reduction in bead size resulted in a more prominant LDH XRD

spectra, with no clear peaks identifiable for a bead size of 2 mm. A decrease in bead size
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was expected to result in a increase in the reactive surface area and therefore conversion

of raw materials to LDH. A greater decrease in raw material peaks, when compared to

the larger bead spectra, could corroborate the increase in conversion expected.

Comparatively the ’versatility’ study further explores the synthesis of Mg-Al, Ca-Al,

Cu-Al and Zn-Al LDH by adapting optimal synthesis conditions, derived from existing

mechanochemical techniques and methods, to the selected process. These were specifically

related to the M2+:M3+ ratio and selected starting materials. Ageing of the samples

obtained through the ’versatility study’ were further explored to determine if the potential

for a two-step commercial process exists. The study was investigated at a set speed of

2000 rpm, jacket water temperature of 30 °C, solids loading of 10 %, retention time of

1 h and with 2 mm yttrium stabilised zirconia beads. Half of the sample collected was

subjected to ageing at 80 °C for 24 h under atmospheric conditions. The synthesis of

Mg-Al LDH was further explored by making use of a M2+:M3+ ratio of 3:1 (Tongamp,

Zhang & Saito, 2006a). LDH formation was observed to occur more readily than that of

a selected 2:1 ratio, however conversion was incomplete with raw material peaks observed

in XRD spectra obtained. Ageing of the sample drastically improved conversion with a

clear LDH pattern observed for both FTIR and XRD spectra obtained. Raw material

peaks were observed to no longer be present after the relevant ageing step, with only

minor peaks visible prior to ageing.

The synthesis of Ca-Al LDH was attempted by making use of CaO and Al(OH)3 with

and without the addition of a carbonate source, CaCO3. The overall M2+:M3+ ratio was

specified at 2:1 (Qu, Zhong, et al., 2016). Addition of CaCO3 resulted in a clear LDH

XRD spectra with minor raw material peaks present prior to ageing. Comparatively,

the XRD spectra for the sample without CaCO3 exhibited more prominant raw material

peaks with a minor LDH peak present. Ageing of the sample containing CaCO3 resulted

in a drastic reduction of the remaining Al(OH)3 and Ca(OH)3 peaks, implying almost

complete conversion. Comparitively the sample with no CaCO3 resulted in the formation

of the precursor katoite (Ca3Al2(OH)12).

The synthesis of Zn-Al LDH was conducted with zinc basic carbonate (Zn5(CO3)2(OH)6)

as the selected Zn source, at a M2+:M3+ ratio of 1:1 (Qu, He, M Chen, Huang, et al.,

2017). XRD results obtained indicated that LDH formation occured readily during the

milling process, however raw material peaks were still present. Ageing of the sample

resulted in a high intensity LDH spectra, however, Al(OH)3 peaks were still observed

to be present. These synthesis conditions were further adapted to the use of zinc oxide

(ZnO) as a Zn source due to ease of availability. Minor XRD LDH peak formation was

observed to occur, however, ZnO and Al(OH)3 were still observed to be present. Little

difference was observed with further inclusion of the ageing step.
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Cu-Al LDH synthesis was attempted, with cupric basic carbonate (Cu2(OH)2CO3), at

a M2+:M3+ ratio of 2:1 (Qu, He, M Chen, Q Zhang, et al., 2017). LDH was not easily

identifiable prior to ageing due to the similarity between XRD and FTIR spectra for

Cu2(OH)2CO3 and that of the expected LDH. XRD spectra of the aged sample revealed

what could be construed as LDH peaks, however, these were difficult to identify due

to the presence of the Cu2(OH)2CO3. The selected synthesis conditions were adapted

to a M2+:M3+ ratio of 4:1 to determine if an excess in Cu2(OH)2CO3 would drastically

influence the synthesis. Little difference was observed in the results obtained.

The wet synthesis of LDH materials with the use of a Netzsch LME 1 horizontal bead mill

seems promising for future commercial use. LDH formation was observed to be favoured

at higher temperatures and longer retention times. LDH formed was observed to have

poor crystallinity with broad LDH peaks in XRD spectra obtained. The use of higher

temperatures may result in an increase in the conversion, as well as crystallinity, within

the milling chamber. Shorter retention times could be implemented with the addition

of the ageing step, as it was observed to improve conversion, as well as crystallinity

during the ’versatility study’ conducted. The influence of milling parameters on Ca-Al,

Cu-Al and Zn-Al LDH should be further explored. The synthesis could be conducted

with or without the addition of the ageing step and could be seen as a viable method for

commercial scale synthesis of LDH. Optimisation of such a system should be considered

in future studies.

Keywords: Mechanochemistry, Layered double hydroxides, Synthesis, Green chemistry,

Milling parameters, Netzsch LME 1 horizontal bead mill.
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1 Introduction

Layered double hydroxides (LDHs) have gained attention due to their wide range of phys-

ical and chemical properties. LDH materials can be synthesized using various different

techniques of which the most common are co-precipitation, reconstruction, hydrothermal

methods and urea decomposition-homogenous precipitation (Qu, Zhang, et al., 2015a).

These techniques often produce environmentally unfriendly waste product and require

high temperatures for synthesis. Novel, “green” synthesis techniques are therefore often

sought after.

Recently the use of mechanochemistry as an alternative synthesis procedure has gained

wide-spread attention. Various techniques and combinations involving the wet or dry

milling of raw materials have been attempted and found to be successful. Three primary

mechanochemical synthesis procedures have been identified, namely single-step grind-

ing, mechano-hydrothermal synthesis and two-step grinding (dry grinding followed by

wet grinding (Qu, Zhang, et al., 2015a). Single step grinding has predominantly been

performed in two ways: (1) the dry grinding of metal salts and hydroxides with small

amounts of sodium hydroxide or (2) wet grinding of a metallic salt solution (Qu, Zhang,

et al., 2015a). The success associated with the formation of an LDH phase for single

step grinding procedures is influenced by the selected starting materials (Qu, Zhang, et

al., 2015a). The use of metallic salts of chlorides or nitrates allows for LDH synthesis

but introduces a washing step that produces an undesirable waste solution. The use of

hydroxides and oxides as starting materials eliminate the production of waste solution,

promoting the ‘green’ synthesis of LDH materials, however has proven to be challenging

(Qu, Zhang, et al., 2015a).

Limited research has been conducted on single-step wet grinding and low conversion rates

obtained warrant the need for further research (Qu, Zhang, et al., 2015a)(Iwasaki, Yoshii,

et al., 2012). The study therefore aims to expand on one-step wet mechanochemical syn-

thesis of LDHs, from oxides, hydroxides and basic carbonates, by making use of a Netzsch

LME 1 horizontal bead mill. This included exploring the synthesis of Mg-Al LDH with

a change in parameters such as rotational speed, retention time, solids loading, bead size

and jacket water inlet temperature. Additionally the synthesis of Mg-Al, Ca-Al, Zn-Al

and Cu-Al LDH was further explored by making use of existing synthesis conditions. This

was specifically in relation to M2+:M3+ ratio and selected starting materials associated

with existing mechanochemical techniques. The selected mill allows for the continuous,

semi batch or batch synthesis of LDH materials. The process could therefore be easily

up-scaled to produce large volumes of consistent and commercially viable LDH product.

This method of synthesis further allows for the potential for the control of particle size.
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The use of LDH materials could therefore be expanded to suit fine-particle application

in future studies.

2 Literature study

2.1 Layered double hydroxides

Layered double hydroxides (LDHs) are clay-like minerals commonly referred to as ”anionic

clays” with a wide range of physical and chemical properties. These include (Forano et

al., 2006):

� Wide range of chemical compositions.

� Variable layer charge density.

� Interlayer space with reactive properties.

� Ion exchange capabilities.

� Swelling in water.

� Rheological properties.

� Colloidal properties.

The layered structure associated with LDH materials is as indicated in Figure 1. The

general formula for components classified within the family can be expressed according

to Equation 1, representing the layer and interlayer composition respectively. Similarly

Equation 2 represents a simpler more commonly used alternative. The general formulae

is a combination of the representative divalent and trivalent metal cations associated with

an LDH material (Forano et al., 2006).

[M II
1−xM

III
x (OH)2][X

q−
x/q · nH2O] (1)

[M II −M III −X] (2)

The general formula can be further extended to multicomponent systems and is described

by Equation 3 (Forano et al., 2006).
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[M II −M ′II −M III −M ′′III −X − Y ] (3)

Figure 1: Structure associated with layered double hydroxides reproduced with permission
from (Forano et al., 2006).

The structural stability and formation of LDH is dependent on the cation radius. The

structure becomes unstable when the ionic radius of M2+ is smaller than 0.06 nm. Figure

2 depicts the elements that have been reported to enter the composition of natural or

synthetic LDH materials (Forano et al., 2006).

Figure 2: Elements that may enter the composition of natural or synthetic LDH materials
reproduced with permission from (Forano et al., 2006).
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Layered double hydroxides are often synthesised through wet chemical procedures un-

suitable for economic large scale production. The aim of the research conducted was to

identify possible green synthesis procedures that result in highly crystalline, pure phase

LDH products.

2.1.1 Preparation of Layered double hydroxides

A variety of preparation techniques exist for the synthesis of LDH phases. Understanding

these existing methods and LDH formation mechanisms could be crucial when exploring

new synthesis procedures. The most common synthesis techniques are therefore described

below.

co-precipitation This method is considered to be the most common preparation tech-

nique for LDH phases. It involves the slow addition of a mixture of divalent and trivalent

metal salts into a reactor filled with water. The pH is then maintained through the addi-

tion of a second alkaline solution. This then results in the co-precipitation of the selected

metallic salts (Rives, 2001).

The mechanism associated with co-precipitation involves the condensation of hexa-aqua

complexes in solution, such that brucite-like layers are built. This structure should then

contain the distribution of both selected metallic cations, along with solvated anions

within the interlayer. Interlayer anions originate from the same solution into which the

metallic salts are added and counter the added metallic cations. If the pH of the system

is high, the anion could be a hydroxyl anion from the alkaline solution. Similarly at high

pH values, synthesis would need to be conducted under CO2-free conditions to avoid

atmospheric carbonate contamination. Intercalation of a desired anion could be achieved

through the preparation of a solution containing this anion in the reactor before starting

the synthesis (Rives, 2001).

Experimental procedures that influence the crystallinity of the LDH phase obtained are

as follows (Rives, 2001):

1. Reactor temperature.

2. pH of selected reaction medium.

3. Metallic salt solution concentration.

4. Alkaline solution concentration.
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5. Flow rate of selected reactants.

6. Ageing of the precipitate obtained.

7. Electrolyte accumulation within the reaction medium.

8. Hydro-dynamics associated with stirring mechanisms, reactor geometry and so

forth.

9. Complex formation of the metallic cations, which is dependent on the history of

the metallic salt solution and can give rise to various different charged monomers

or oligomers.

These parameters need to be optimised for the formation of highly crystalline LDH phases.

Synthetic LDHs are often microcrystalline platelets that aggregate into a ”rose des sables”

morphology. Intercalation of certain anions is pH dependent. The pH domain for the

selected anion needs to overlap with that of the desired LDH phase, otherwise the selected

combination may not be possible.

Thermal treatment is often necessary as optimisation of the pH value, along with ageing

time, does not always lead to well crystallised LDH as expected with co-precipitation.

Improvement of the the crystallinity is primarily explored with the use of two methods

of thermal treatment (Rives, 2001):

1. Temperature adjustment during co-precipitation.

2. Hydrothermal treatment of precipitated material.

Hydrothermal treatment is more commonly used and favours highly crystalline LDH

formation when in the presence of water vapour. This is however only if the temperature

associated with LDH decomposition is not exceeded. Two methods of hydrothermal

treatment are generally followed. The first involves the heating of a closed stainless steel

vessel in which an aqueous solution of an LDH precursor is placed. The temperature is

set below the critical point at the equilibrium pressure. The second method involves the

heating of the selected sample within a gold or silver tube. The pressure is set to be high

within the order of 1500 bar for a certain period of time (Rives, 2001).

Other factors such as addition rate and ageing have been known to influence the crys-

tallinity of the LDH phase present. The addition rate can be controlled with the use of a

an automatic titration device. Approximately 48 h of ageing is often necessary for high

crystallinity. Ageing times should however be tailored towards the specific LDH being

synthesised (Rives, 2001).

5



The urea method Urea is considered to have a variety of desirable properties and is

used as an agent for precipitation. It has a history of being used to precipitate a selection

of metal ions, such as insoluble salts or hydroxides, if in the presence of an appropriate

anion (Rives, 2001).

Urea is highly soluble in water and is a weak Brönsted base. Its hydrolysis rate can

be controlled through controlling the temperature. The mechanism associated with hy-

drolysis involves the formation of ammonium cyanate. This is considered to be the rate

determining step, followed by the hydrolysis of ammonium cyanate to ammonium car-

bonate. An increase in temperature from 60 °C to 100 °C increases the rate constant

by approximately 200 times its original value. Further hydrolysis of the ammonium to

ammonia and the carbonate to hydrogen carbonate results in an overall pH of 9, taking

temperature into account. This creates the ideal environment for the precipitation of a

variety of metal hydroxides (Rives, 2001).

Urea based homogenous precipitation is known for obtaining well-defined inorganic par-

ticles through the decomposition of urea at elevated temperatures. Urea hydrolyses upon

heating, producing ammonium and carbonate ions. This results in an increase in the

homogenous pH, further contributing to the formation of monodispersed hydroxide and

carbonate particles. LDH particles with narrower particle size distributions, than those

prepared via titration methods, have been prepared with the urea approach. LDH ma-

terials prepared with the use of the urea method have been used for the incorporation

of organic anions through ion exchange (Wijitwongwan, Intasa-ard & Ogawa, 2018). A

study conducted by (Ogawa & Kaiho, 2001) resulted in the formation of monodispersed

and uniform hydrotalcite making use of homogenous precipitation in the presence of urea.

Induced hydrolysis This method of LDH preparation involves two steps. Initially the

selected trivalent metal hydroxide is precipitated by making use of an alkaline solution.

This step is then followed by the slow addition of the precipitate into a solution containing

the divalent metal salt. This is done at a constant pH, resulting in the controlled release

of the trivalent metal substance and therefore the formation of LDH material (Rives,

2001).

Sol-Gel The Sol-Gel method is described as producing LDH materials in a gel-like

form from alkoxides. The procedure allows for the control of the M2+:M3+ ratio through

the control of the initial gelling parameters (Lopez et al., 1997). LDH materials pre-

pared through this method have exhibited high thermal stability, however have poorer

crystallinity than those prepared through co-precipitation (Rives, 2001).
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Hydrothermal Method Hydrothermal synthesis commonly refers to heterogenous re-

actions that occur in an aqueous media at temperatures and pressures greater than 100 °C

and 1 bar (Hare, 2001). LDH can therefore be synthesised through the use of oxides and

hydroxides as raw materials, rather than salt solutions as used by other methods.

A study conducted by (Xu & Lu, 2005) involved the synthesis of Mg-Al LDH through

the use of MgO and Al2O3. The procedure involved the heating of the oxide mixture to

a temperature of 110 °C, upon which LDH formation occurred. It was noted that LDH

was the primary phase present, with minor phases resulting due to the initial pH of the

oxide suspension, as well as the MgO:Al2O3 ratio. The alkalinity of the solution resulted

in some of the MgO remaining unreacted. It was thus recommended to initially hydrate

the oxides to their respective hydroxide phases prior to synthesis.

It was further suggested that the Mg(OH)2 be dissociated as quickly as possible such

that Mg2+ and OH- deposit on the surface of the selected Al(OH)3/Al2O3, forming an

LDH precursor. It is possible for Al(OH)4
- to ionize from the Al(OH)3 and deposit itself

on the surface of the Mg(OH)2/MgO resulting in a similar precursor formation. Further

heating results in the crystallisation of the precursor material as a result of the diffusion

of metal ions into the solid lattice. This proposed formation mechanism making use of

dissociation, deposition and diffusion via two pathways was assumed to be applicable

to the general formation of LDH materials. A schematic of the proposed mechanism is

depicted in Figure 3 (Xu & Lu, 2005).

Figure 3: Mechanism for LDH formation in the presence of a neutral or basic solution as
reproduced with permission from (Xu & Lu, 2005).
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Proposed mechanisms for LDH formation The mechanisms associated with LDH

formation are dependent on the selected synthesis procedure. Understanding existing

proposals for formation mechanisms could provide insight into the behavioural changes

associated with the selected raw materials when making use of mechanochemistry.

(Xu & Lu, 2005) proposed that three separate view points exist regarding the formation

of LDH materials. A study conducted by (Boclair, Braterman, et al., 1999) involved

observing the titration behaviour of M2+ and M3+ against NaOH. Precipitation was noted

to occur in two steps, resulting in poorly crystallised LDH material. The addition of a

base to a solution containing the mixture of M2+ and M3+ anions result in the formation

of LDH materials. Initially, however, a mixture of hydrous oxides and hydroxides of

the M3+ anion would precipitate. Continuous addition of the base would allow for the

precipitation of the LDH material, rather than just Mg(OH)2.

The mechanism associated with the formation and crystallisation, with a change in tem-

perature, of LDH was investigated by (Eliseev et al., 2002) through co-precipitation. The

LDH specifically observed during this study was hydrotalcite. The pH of the system was

kept constant at a value of 10. The sample was divided into two separate parts and the

temperature controlled either at 20 °C or at 80 °C respectively. Transmission electron

microscopy and scanning electron microscopy revealed that initially samples exhibited

amorphous filamentary agglomerates when kept at the selected temperatures for short

time periods. The agglomerates however were not observed for samples kept at elevated

temperatures for 3 days or more. The degree of crystallinity for samples kept at higher

temperatures was observed to greater than those kept at lower temperatures for the same

period of time.

Crystallisation was determined to be a zero order process. During the initial part of the

synthesis the precipitation of agglomerates containing Al(OH)3 or Mg(OH)2 occurs. The

Mg(OH)2 precipitated as a layered structure, whereas the Al(OH)3 formed amorphous

filamentary agglomerates. The next step involves the crystallisation of the LDH mate-

rial where diffusion of aluminium atoms into the structure of the Mg(OH)2 occurs. The

final stage involves the inclusion of these aluminium atoms into the LDH structure. This

was observed through the change of the Aluminium from a tetrahedral coordination to

that of an octahedral one, which is characteristic of aluminium located within LDH. The

mechanism could therefore be summarised as the initial formation of amorphous agglom-

erates that gathered in blocks to form a layered structure. The change in coordination of

the aluminium atoms from tetrahedral to octahedral was stated to occur simultaneously

(Eliseev et al., 2002).

A study conducted by (McLaughlin, White & Hem, 1994) explored the influence that het-
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erocoagulation had on the formation of Mg-Al-CO3 LDH, from a suspension of Mg(OH)2

and aluminium hydroxycarbonate. It was observed that when heterocoagulation within

the system was prohibited through pH control, hydrotalcite formation rapidly occurred

upon exposure of MgO particles to a suspension of aluminium hydroxycarbonate. SEM

imaging of the samples indicated that nucleation and growth of the LDH crystal occurred

on the surface of formed Mg(OH)2 particles. Mixed suspensions in which heterocoagula-

tion was present resulted in the delayed formation of the LDH material. This was stated

to be a result of occlusive coating of the aluminium hydroxycarbonate on the surface of

the Mg(OH)2. Hydrotalcite formation occurred sooner in systems that were initially at

a higher pH value. This was presumably due to the more rapid ageing of the aluminium

hydroxycarbonate coating resulting from early exposure to the surface of the Mg(OH)2

particle. Other aluminium containing hydroxides were mixed with Mg(OH)2 forming

suspensions in which heterocoagualtion did not occur. LDH formation was observed to

occur rapidly.

A similar study conducted by (Vanderlaan, White & Hem, 1982), investigating the rate

at which Mg(OH)2 and aluminium hydroxycarbonate mixtures neutralise acid, observed

that the rate was influenced when ageing certain samples. Hydrotalcite formation was

stated to occur during the ageing of the gel mixtures and was noted to be present earlier

in mixtures with high molar ratios of Mg to Al, a high overall gel concentration, stored

at elevated temperatures or had a high initial pH.

2.2 Green chemistry

The principle of green chemistry is defined as practising chemical science or manufac-

turing in a manner that is sustainable, safe, non-polluting, consumes little material and

energy and produces no waste product. The incorrect performance of the production,

processing, use and disposal of chemical products may result in environmental or human

harm (Manahan, 2006). Implementation of green chemistry may result in the total re-

design of chemical processes or products such that wastes and the use or production of

harmful materials are minimised. It is considered to promote innovation such that profits

are increased without detriment to human health and the eco-system. There are various

long term benefits that ensure sustainability. These include (Manahan, 2006):

1. Economic: When implemented and maintained at a sophisticated level, green chem-

istry usually costs less than normal chemistry practices.

2. Materials: Green chemistry is sustainable when efficiently using materials, imple-

menting maximum recycling and using a minimum amount of virgin raw materials.
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3. Waste: The reduction or elimination of waste materials and production allows for

sustainable green chemistry.

The project aims to find a sustainable synthesis procedure that makes use of the princi-

ples surrounding green chemistry. This includes attempting to synthesise layered double

hydroxides without the need for harmful solvents such as those used in conventional

methods.

2.3 Solvent free synthesis of nanoparticles

The synthesis of nanoparticles has been broadly studied due to their versatility in various

applications such as catalysis, magnetic materials, semiconductors and pharmaceuticals.

The size of the nanoparticles affects the final physical and chemical properties of the

product in which they are incorporated and is thus one of the primary manipulated

characteristics (Landge, Ghosh & Aiken, 2018).

Typical chemical synthesis methods include mixing of the relevant metal salts or com-

posites in the presence of a solvent or surfactant. Comparatively physical approaches

make use of methods such as evaporation condensation, direct heating or laser ablation.

Most techniques require an undesirably large amount of solvent to carry out the nec-

essary processes. Solvent-free methods were thus explored, providing a more green and

economical approach to the synthesis of the desired particles and products. This could

be divided into two main categories, namely mechanochemistry and thermal treatment.

Mechanochemistry can be subdivided into ball milling or grinding with a mortar and

pestle. Comparatively, thermal treatment is subdivided into decomposition or microwave

energy. Decomposition or Thermolysis is further divided into the categories of subli-

mation thermal heating of metal salts and thermal heating with capping agents(Landge

et al., 2018). Figure 4 depicts the methods associated with solvent free synthesis of

nanoparticles (Landge et al., 2018).

Advantages associated with solvent free synthesis procedures include (Landge et al.,

2018):

1. The conversion of reactants to products is often high.

2. Little to no solvent is incorporated, preventing the use of harmful chemicals.

3. The incorporation of capping agents allows for the prevention of aggregates and

particle overgrowth.
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Figure 4: Methods associated with the solvent free synthesis of nanomaterials reproduced with
permission from (Landge, Ghosh & Aiken, 2018).

4. Clean products are often synthesised with no need for additional purification.

The most well known techniques within the topic of mechanochemistry for nano particles

are ball milling and mortar and pestle grinding. The definition of mechanochemistry is

further discussed in detail in section 2.5.

2.4 Magnesium oxide

Magnesium oxide is a hydroscopic white solid that occurs naturally as ”Periclase”. Care

is often needed to prevent reaction with atmospheric H2O as seen by Equation 4. It is

considered to be stable and slightly soluble in water with a solubility of 0.0086 g·100 ml-1

(Ropp, 2013).

MgO +H2O →Mg(OH)2 (4)

Several grades of commercial MgO are available and include (Ropp, 2013):

1. Dead-burned: The MgO has been subjected to calcination at temperatures ranging

between 1500 °C and 2000 °C. Most if not all for the reactivity is eliminated and

is therefore termed ’dead-burned’ or refactory grade. Application includes steel

production.

2. Hard-burned: Calcination of the MgO conducted at temperatures ranging between

1000 °C and 1500 °C. The reactivity is considered to be low. Application includes

fertalisers and animal feeds.
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3. Light-burned: The MgO is subjected to calcination at temperatures between 700 °C

and 1000 °C. It is termed ’caustic’ or ’light burned’ magnesia and is considered to

have a wide range of reactivity.

Various models have been suggested to describe the hydration of MgO to Mg(OH)2. The

hydration reaction can be influenced by factors such as the chemical and phase compo-

sition of the magnesia, temperature, time, humidity, particle size and crystallographic

orientation. Higher temperatures, pressures and times result in an increase in the hy-

dration rate. The hydration reaction may become faster and easier with a decrease in

crystallite size and an increase in the specific surface area and pore volume (Rocha,

Mansur & Ciminelli, 2004).

A study was conducted by (Rocha et al., 2004) in which the hydration of caustic magnesia

was investigated through reacting high purity MgO with H2O in a batch reactor. The

effects of temperature (35 °C to 90 °C), retention time (0.5 h to 5 h), solids loading

(1 % to 25 %) and particle size (-212+75 µm to -45+38 µm) on the hydration reaction

and kinetics were investigated. Experimentation involved the addition of the solids, at a

specified temperature, to a 1000 dm3 borosilicate glass reactor for a set period of time.

The slurry was kept under constant agitation at 1220 rpm. Prior to hydration the MgO

was calcined at temperatures ranging between 900 °C and 1000 °C. The study suggested

that the hydration of caustic MgO in liquid H2O occurs as follows:

1. The H2O adsorbs onto the surface of the MgO particle, whilst simultaneously dif-

fusing throught its pores.

2. The MgO undergoes a dissolution reaction with absorbed H2O resulting in a change

in porosity, such that supersaturation of water with Mg2+ and OH- ions is reached.

3. Upon supersaturation, Mg(OH)2 forms on the surface of the MgO, resulting in a

further change in porosity. Hydration eventually becomes difficult due to the outer

layer of Mg(OH)2.

Primary assumptions for the suggested mechanism included no significant change in the

initial particle size and dissolution rate. Higher temperatures were further observed

to influence the hydration mechanism, with the mechanism initially governed by the

dissolution of the MgO (chemical control). As the reaction progresses, the surface and

pores of the MgO are covered with a Mg(OH)2 layer. The reaction rate eventually

decreases due to the diffusion of H2O becoming increasingly more difficult. The reaction

scheme is then further controlled by diffusion. Lower temperatures were found to be
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only chemically controlled as conversion is low (Rocha et al., 2004). The study however

does not include the addition of mechanical energy other than stirring. The addition

of milling media and therefore mechanical grinding could result in the removal of the

Mg(OH)2 outer layer, creating new reactive sites for further hydration.

Supersaturation was further observed by (Rocha et al., 2004) to occur rapidly within the

first few minutes, with initial limits increasing with a decrease in temperature. Figure 5

depicts the transient profile of Mg2+ concentration during hydration experiments with

a change in hydration temperature. Elevated temperatures resulted in an increase in

the rate of hydration, with the kinetics and experimental data depicted in Figure 6.

Comparitively the solubility of Mg(OH)2 decreases with an increase in temperature as

could be seen in Figure 7. Hydration of MgO is commonly conducted with the use of a

water bath and occurs rapidly when making use of of light magnesia. It can however be

very slow for dense varieties of magnesia that has been prepared through calcination at

high temperatures. Water was observed to hardly attack this form of magnesia. It has

been suggested that two types of Mg(OH)2 can exist, one that is more readily soluble

(labile) and one that is not (stabile), and is dependent on the how it was synthesised.

The labile form can result from the hydration of MgO.

Figure 5: Transient profile of Mg2+ concentration obtained for hydration experiments repro-
duced with permission from (Rocha et al., 2004).
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Figure 6: Hydration kinetics of MgO with a change in temperature (5% solids, 1220 rpm,
-45+35 µm) reproduced with permission from (Rocha et al., 2004)

Figure 7: The effect of temperature on the solubility of Mg(OH)2 as reproduced with permis-
sion from (Rocha et al., 2004).

2.5 Mechanochemistry

Various definitions for the term ”mechanochemical” exist and the question of which pro-

cesses are a subject of mechanochemistry is still debatable worldwide. A process could be
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considered ”mechanochemical” if the initial step results in a primary bond being broken

due to an induced mechanical force. Broader definitions include mechanochemistry being

primarily concerned with the chemical and physio-chemical changes of components due

to mechanical energy (Takacs, 2014).

Reactive surfaces form due to the breaking of bonds which further results in surface

reconstruction and reaction with the surrounding medium. Mechanochemical reactions

are not limited to the use of solids. Vigorous mixing of liquid mixtures may result in

strain and bond breaking due to the induced molecular forces (Takacs, 2014).

The initial step of a ”mechanochemical” reaction could incorporate the emission of low

energy electrons rather than the breaking of chemical bonds. The electrons could induce

negatively charged radicals resulting in a chemical reaction upon absorption. Tribochem-

ical processes primarily make use of this concept due to the main form of mechanical

action being attributed to sliding (Takacs, 2014).

Mechanochemistry is considered unique due to the possibility of products differing from

compounds and phases produced using conventional chemical techniques. Materials that

have difficulty forming traditionally can be synthesised with mechanochemistry. The lack

of solubility of certain chemicals can be problematic, however reactions can be induced

with the use of a milling process. Thermochemical reactions sometimes requires the use

of milling to bring reactants together in the desired configuration (Takacs, 2014).

Organic molecules, unique to mechanical mixing-milling, can be obtained without break-

ing the covalent bonds in unusual places. This would be achieved using gentle grinding

action forcing reactants together that otherwise have difficulty mixing or coming together

in the desired configuration. Comparatively, inorganic materials subjected to high energy

milling have provided phases and micro-structures that are unique to mechanochemistry.

High energy milling results in the destabilisation of complicated crystal structures due

to forced mixing and formation of a high defect density. The final result would then be

simple metastable crystalline substances or amorphous materials (Takacs, 2014).

2.6 Milling technology

The conventional milling technology associated with LDH synthesis include ball mills,

mixer mills or planetary ball mills. It was discovered that the properties of the LDH

are largely depended on the selected milling process (Intasa-ard et al., 2018). Manual

grinding is often performed as an additional comparative test in which a mortar is used.

Details regarding these conventional technologies are further discussed in this section.
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Unconventional milling technology such as jet milling, knife milling, hammer milling, pin

milling and stirred media milling were further considered. Milling technology can be

divided according to wet or dry processes.

2.6.1 Dry milling technology

Dry milling could refer to the milling of dry solid samples without the addition of solvent

or solution. Some technology listed below has further been used for ”wet” milling during

LDH synthesis in which small amounts of solution are used.

Manual grinding Manual grinding has been conducted for centuries with the use of a

mortar and pestle for the grinding of drugs or foods. Common designs include a pestle

head and mortar consisting of porcelain or heavy stone. Variations of the design have

been identified throughout history with some being constructed out of metals rather than

stone (Pathak, 2017).

Manual grinding is often conducted with dry solids, however the incorporation of a small

amount of liquid is possible. The process involves placing the solid materials into the

hollow of the mortar followed by the manual crushing and grinding with the pestle.

Pin mill Pin mills form part of a class of high speed mills that contain pin breakers in

their grinding circuit. These could be located on a rotor with stator pins situated between

the many circular rows of pins on the rotor disk. The pins may otherwise be located on

rotors operating in opposite directions resulting in an increase in the differential of speed

(Perry & Green, 2008).

Hammer mill Hammer mills form part of a class of high speed mills that work for

fine pulverising and disintegration. The rotor may be vertical or horizontal which carry

hammers commonly referred to as beaters. The hammers can vary between T-shaped

elements, stirrups, bars and rings or disks (Perry & Green, 2008).

The grinding action is a result of the impact and attrition between the solid material

being ground, the housing and the beaters. The particle size can often be controlled

through changing the speed of the rotor, feed rate, the distance between the hammers

and the grinding plates and the number or type of hammers used. A screen or grating

often encloses a part of or all of the rotor and serves as an internal classifier (Perry &

Green, 2008).
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The feed is generally non abrasive with a hardness of 1.5 or less. The mill may be operated

in conjunction with an external air classifier to produce fine particles. Many machines

may contain internal air classifiers.

Fluid energy or jet mill Fluid energy mills are classified according to the nature of

the milling action. Two major classes exist. The first class makes use of fine high velocity

streams that are at an angle around all or a portion of the periphery of a grinding chamber.

The other class makes use of high velocity streams that enter the chamber such that two

streams impact each other (Perry & Green, 2008).

The mills, despite their class, result in high energy release and turbulence forcing the

particles to grind upon themselves. Not all particles end up being fully ground and

therefore a classifying action needs to be implemented such that oversized particles are

returned for further grinding. Various types of fluid energy mills are available and vary

depending on their intended function.

Knife mill Knife mills contain a rotor with blades attached such that size reduction

and homogenisation of soft, medium or hard particles can occur. The mill is not restricted

to dry milling but can also be used for moist or wet materials. Conventional knife mills

are used as a household item for food preparation. Common applications include foods,

drugs, animal feeds, biology and microbiology (Retsch, 2018).

Ball mills Ball mills make use of a propulsion unit which results in the movement of

milling balls or media, within a milling chamber or vessel. This results in the creation

of frictional forces between the milling media, the milling media and the vessel walls and

between the added material and the media. These forces result in wear stresses which

ultimately refines the material added to the system, creating a particle size distribution.

The mechanisms associated with wear are dependent in the type of mill selected and

include impact, friction or shear forces (Ranu & Stolle, 2015).

The processes carried out within ball mills are influenced by different parameters namely

the chemical, technological and process parameters. Chemical parameters are those asso-

ciated with the chemical transformations that occur in the milling chamber and include

(Ranu & Stolle, 2015):

1. The type of chemical reaction.

2. Presence of catalysts.
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3. Additives.

4. Reagent ratio.

5. Presence of liquids or solvents.

Technological parameters are those that describe the technology used for the reduction

of the size of particles and include (Ranu & Stolle, 2015):

1. Type of ball mill.

2. Type of milling media.

3. Number of milling media.

4. Size of milling media.

5. Percentage loading of the milling vessel.

Process parameters are used to control the amount of energy added to the system and

include the following (Ranu & Stolle, 2015):

1. Operating frequency (rpm, which is directly related to the kinetic energy associated

with the milling media and thus the energy that is given off as heat.

2. Reaction time or milling time: related to the reaction kinetics.

3. Temperature: related to the reaction kinetics.

Three types of ball mills are primarily used for chemical synthesis, namely planetary ball

mills (PBM), mixer ball mills (MBM) and vibration ball mills (VBM). Each of these

differ in terms of operating principle and the maximum capacity of the vessel.

Planetary ball mills make use of a central disk (sun disk) on which smaller diameter

disks are mounted containing the the mechanism that holds the milling vessels. The

number of vessels vary between 1, 2 or 4. The disks operate such that they rotate in

opposite directions allowing the motion of the milling vessels imitate the rotation of a

planet around a central body. The trajectories associated with the milling media have

been previously monitored, however specific calculations have been proven difficult to

conduct. It has been accepted that the media will follow the rotation of the vessel up to

one quarter of its perimeter. The media will then travel through the volume of the vessel

such that they collide with the opposite wall (Ranu & Stolle, 2015).
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Mixer ball mills (MBM) and vibration ball mills (VBM) operate differently from planetary

ball mills (PBM), with the initial force being generated due to oscillations at differing

frequencies. The primary difference between MBM and VBM is the plane in which

the oscillation occurs and the degree of freedom of the oscillation. Mixing media mills

have a vessel mounted on a swing arm which follows a circular arc with oscillation in

the horizontal plane. The milling media follow the direction of the container and keep

moving despite the oscillation reaching its reversal point. This results in the collision of

the media with the ends of the milling vessel. The wear mechanisms associated with this

method of milling are friction and impact forces (Ranu & Stolle, 2015).

Comparatively vibration bead mills oscillate on different planes making use of a Cartesian

coordinate system. The trajectories are similar to mixer ball mills with two dimensional

oscillation taking place. The wear mechanisms were found to be similar to that of mixer

ball mills despite the increased complication of the system (Ranu & Stolle, 2015).

Industrial applications often involve the scale up from a ball type mill (laboratory scale)

to a stirred media mill. The parameters influencing the processes within the milling

chamber, namely chemical reaction and particle size distribution are summarised below

(Ranu & Stolle, 2015):

1. Ball mill type: The energy densities within the different systems vary at similar

frequencies. Little difference is observed in systems of comparable reaction time and

scale in terms of yield and selectivity if operating frequency is varied accordingly.

The type of mill selected depends entirely on the desired end function and objective.

2. Grinding material: The properties, such as density, Young’s modulus, hardness and

abrasiveness influence the nature and outcome of the chemical reactions that occur

within the milling vessel and further the final particle size distribution. Kinetic

energy generated through torque of the ball mill’s propulsion unit is transformed

into heat or chemical energy through frictional and impact forces. If chemical

reactions result due to the mechanical action of the mill it can be classified as a

mechanochemical reaction. Frictional forces may further result in an increase in the

bulk temperature of the system, further increasing the rate at which reactions occur.

In various cases the product yield of certain reactions has increased by changing the

material from lightweight to heavy weight material. If no influence however has been

observed, possible product degradation due to high energy could be the cause. The

chemical resistance associated with the grinding material is considered important

with tungsten carbide and stabilised zirconia identified as the most desirable. This

is a result of being chemically inert. The abrasive resistance of zirconia is further

considered to be very high. Media with high porosity tend to result in memory
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effects which are considered undesirable if not cleaned adequately. Abrasion of the

surface of milling tools is undesirable and may result in the interference of induced

chemical reactions. Milling balls continuously lose weight during the process and

is considered problematic as it decreases the amount of kinetic energy provided to

the system.

3. Volume fraction of milling media: The mass of the milling media strongly affects the

kinetic energy of the system and can be changed by changing the type of material,

size or the number of balls or media. The minimum and maximum number of balls

is dependent on the type of mill used, the required trajectories and the wear effects.

Increasing the number of grinding bodies within the vessel result in an increase in

the energy that is transferred to the system and therefore an increase in the bulk

temperature. The relationship, for various organic reactions, between number of

bodies and yield are not similar due to different activation energy requirements.

4. Size of milling media: The diameter of the milling balls is dependent on the volume

of the milling chamber. The energy transferred to the feed material (stress energy)

is proportional to the energy associated with the colliding media bodies (impact

energy) and the collision frequency. The impact energy is thus directly proportional

to the kinetic energy added to the system. A decrease in the number of grinding

bodies (ball-to-powder ratio) results in a decrease in the probability of collisions

and therefore product yield. If the overall mass of the media remains constant then

the collision frequency and number of stress events within the system is directly

proportional to the number of grinding bodies and inversely proportional to their

size. The possibility of collision therefore increases for smaller grinding bodies and

increases with an increase in the number of grinding bodies. If the diameter of the

media is decreased, while keeping the number of grinding bodies constant (mass

is not constant) the relevant impact energy will decrease and therefore result in a

decrease in product yield.

5. Volume chamber filled: The volume of the vessel that is filled (filling degree) directly

influences the trajectory of the grinding media within the vessel. If the vessel

is too full with media and feed, no movement and therefore no kinetic energy

can be transferred within the system. Efficient energy transfer requires that the

milling media have space for acceleration and movement within the milling vessel.

Specifications or limits are often provided by the manufacturer.

6. Operating frequency: The operating frequency is directly related to the kinetic

energy associated with the milling media. It thus determines the amount of energy

that is transferred into heat or chemical energy. It should be noted that an increase

in target variables such as conversion, yield and selectivity is expected with an
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increase in the operating frequency. It has however been noted that a maximum

occurs, after which a decrease in the target variable is observed. This could be due to

high energy impacts resulting in the distortion of chemical equilibrium and resulting

in unfavourable side reactions. This may also result in different reaction routes

which may lower the performance of the desired or specified process. This could

further occur in systems which accommodate or result in higher energy densities,

such as different types of ball mills.

7. Milling time: Extended periods of milling time result in an increase in the number of

collisions between the mill media, mill tools and feed material. The energy density

within the system remains constant, however more energy is distributed to the

feed material and milling media (the mill charge). Generally an increase in milling

time result in an increase in the target variables such as conversion or yield, but

prove complicated for selectivity due to the possible promotion of side or parallel

reactions.

8. Reaction temperature: The reaction temperature directly influences the rate con-

stant associated with reaction kinetics and therefore influences the rate at which the

reactions take place. Commercial ball mills commonly used for laboratory scale ex-

periments do not allow for regulation in system temperature. Individual solutions,

such as the installation of a heating mantel, are often employed. When converting

to industrial scale, stirred media mills are often selected, making use of a static

milling chamber which provide the opportunity to implement heating or cooling.

The outlet temperature or final system temperature is highly dependent on the den-

sity of the selected grinding media. Common equilibrium temperatures, primarily

obtained after 1 h of milling, varies from 40 °C to 80 °C. The bulk system temper-

ature tends to further increase with an increase in milling time, milling frequency

and the filling volume of the chamber.

2.6.2 Wet milling technology

Wet milling involves the use of a large amount of solvent or carrier liquid resulting in the

grinding of a slurry.

Stirred media mills Stirred media mills are primarily used for the dispersion processes

and soft grinding of materials such as dyes, clays, calcium carbonate and biological cells.

Stirred mills commonly use media smaller than or equal to 6 mm and may be restricted

to wet milling. The design of stirred mills commonly include a central paddle wheel with

21



stirrer speeds ranging between 100 rpm and 1500 rpm. The milling media rotates slowly

while oscillating in one or more plane (Perry & Green, 2008).

Discs mounted onto a central shaft allow for the stirring of milling media. The feed

material enters at one end and is discharged at the other. Horizontal machinery eliminates

gravity segregation of the entering slurry feed. Milling media is retained with the use of a

screen or stacked flat discs that are closely spaced. The use of discs are useful for slurries

with viscosities that range up to 50 Pa·s. Screens that have been hydronamically shaped

can operate with media with diameters as low as 0.2 mm. Centrifugal force predominantly

aids in the seperation of milling media from milled product (Perry & Green, 2008).

Cooling water is often necessary and continuously circulated through the jacket, and at

times through the central shaft, to allow for temperature control. A series of mills are

sometimes implemented with a decreasing size in media and increasing rotary speed. This

allows for product to reach the desired fine particle size (Perry & Green, 2008).

The performance of bead mills are affected by the following process variables (Perry &

Green, 2008):

� Agitator speed.

� Feed rate.

� Bead size.

� Bead charge.

� Bead density.

� Temperature.

� Blade design.

� Shape of mill chamber.

� Residence time.

Stirred media mills were otherwise described by (Wills & Finch, 2016) as a mill making use

of ”an agitator and spherical grinding media”. Stirred milling is primarily used in grinding

applications producing fine to ultrafine particles. Sand mills or bead mills are included

when referring to stirred mills despite not conforming to the above mentioned criterion.

Comparatively ball mills can be categorised as tumbling mills. The primary difference

between stirred and tumbling mills is the way in which the grinding energy is transferred
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to the material being milled. Tumbling mills make use of both impact (abrasion) and

shear (attrition) energy in roughly equal measure. Stirred mills predominantly make use

of shear energy which is more effective for fine grinding application (Wills & Finch, 2016).

Stirred milling is described as being more energy efficient which is speculated to be a

result of a ”splash out” effect. This involves the expulsion of fine particles with the slurry

rather than breakage of the particle (Wills & Finch, 2016).

Rod shaped media has been proven to be more efficient than spherical media in ultra fine

grinding application. It is recommended to operate the mill at maximum media loading

during operation. Note a too high water content the number of contact events between

particles and media drops therefore less grinding. If the solids content is too high, loose

fluidisation of the mill and media moves only due to impeller. (Edit this, it is important)

(Wills & Finch, 2016).

Bead or sand mills An alternative grinding process to that of ball milling involved the

use of a bead or sand mill. Bead milling is described as a two stage process consisting of

an essential premixing followed by grinding. The premixing should preferably be carried

out with the use of a high speed disperser. The greater the degree of dispersion achieved

prior to grinding, the shorter the dwell time within the bead mill (McKay, 1994).

Figure 8 depicts the typical schematic of a continous bead mill. The process involves the

use of a motor that drives the central shaft at high speeds. The shaft is typically fitted

with a series of disks consisting of abrasion resistant material, primarily hard steel, for the

agiation of the beads. A feed pump forces the millbase slurry throught the chamber. The

pumping rate influences the retention time along with the desired degree of dispersion.

The vessel contains a jacket for cooling during the grinding process. Grinding media

is retained within the vessel with the use of a separator or screen. The velocity of the

milling media and the material is higher in the following areas:

� Between the rims of the blades or disks.

� Between the wall of the vessel and the shaft.

This results in the formation of velocity gradients which form a ”double-doughnut” con-

figuration between the disks. This further promotes the development of shear forces which

break down agglomerates. This is then combined with the normal shear forces produced

by the rotation of the milling media (McKay, 1994).

23



Similar to other forms of milling making use of media, the charge to voids ratio, along

with the bead size are considered to be important. Typical bead sizes vary between

1 mm to 3 mm with lower bead sizes being dependant on the type of separator employed.

Variations in the bead mill design include vertical open top, closed top or horizontal

chambers, along with variations in disk shape and number (McKay, 1994).

Horizontal mills are advantageous when compared to vertical mills as they do not result

in start up problems when the milling media settles. The grinding media further remains

uniformly distributed throughout the chamber allowing for the use of high density media.

The medium-to-charge ratio can also be further increased resulting in a higher output

(McKay, 1994).

Additional advantages of sandmills include high throughput rates, less costly and easier

cleanup, along with reproducibility of product quality. Batch to Batch inconsistencies

are eliminated (Nass, 1992).

Figure 8: Schematic of a continuous bead or sand mill as reproduced with permission from
(McKay, 1994). (a) Entry of premixed material; (b) Pump; (c) Impeller disks or
blades; (d) Jacketed vessel for cooling/heating; (e) Expected flow pattern; (f) Sep-
arator for retention of grinding media; (g) Exit port; (h) Drive shaft to the motor.

Media wet mills Media wet mills are similar in principle to stirred media mills and

are further described as mills that operate through mechanically moving media with the

selected material in a liquid (Williams, Watts & Miller, 2012).
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The performance of the milling process is influenced by the characteristics of the milling

media used. Various different geometries associated with milling media are available,

however spherical geometry was found to be the most effective shape. Bead diameters

ranging from 0.05 mm to 130 mm are commercially available, however beads 6 mm and

smaller are commonly used. Bead materials include various types of steels, annealed

glass, polystyrene derivatives, polytetrafluoroethylene, ZrO2, ZrSiO4, Al2O3 and SiO2

(Williams et al., 2012). The performance of media wet mills are affected by the physical

and technological parameters mentioned in Table 1.

Table 1: The effect of milling process parameters on the performance of a media (bead) wet
mill (Williams et al., 2012).

Process variable Effect on particle size

Bead size
A decrease in bead size results in a decrease in the steady-state

average particle-size.

Intrinsic bead

denity

Changes in bead density may have varying results and are

dependent on the materials milled. Some cases, higher density

beads have resulted in a more coarse product.

Bead loading
Bead charges greater than or equal to 50 % generally result in

a satisfactory milling efficiency.

Agitator speed
An increase in the linear velocity of the agitator results in an

increase in the milling rate.

Temperature

An increase in temperature may result in a small average particle

sizes along with an increase in product dispersion. The physical

characteristics and chemical stability of the material may

degenerate. Smaller particles may further dissolve.

Residence time
Increase in residence time results in a decrease in average

particle size.

2.7 Mechanochemical Synthesis of layered double hydroxides

Mechanochemistry is a novel approach for the synthesis and intercalation of LDH mate-

rials. Various advantages, such as ease of operation and elimination of solution operation

25



have made the use of mechanochemical techniques desirable. Most LDH materials up

until recently have been synthesised with the use of co-precipitation, hydrothermal meth-

ods or urea decomposition-homogeneous precipitation. The primary principle associated

with each of these methods include the precipitation of various types of metal ions (solu-

tion operation) which make large scale production difficult. Difficulties associated with

solution operation include (Qu, Zhang, et al., 2015a):

� Differing precipitation rates of metal ions in multicomponent systems.

� The formation of impurities and intermediate phases.

� The need for inert environments (N2) for the synthesis of carbonate free LDH ma-

terials.

� The application of heat during synthesis procedures.

� The production of waste effluent.

� High production costs.

Previously mechanochemistry was used as a method of modification in material science

to ensure particles were dispersed and obtained a high surface energy. A review paper

constructed by (Qu, Zhang, et al., 2015a) identified three primary mechanochemical

synthesis procedures for the production of LDH, namely:

� Single-step grinding.

� Mechano-hydrothermal.

� Two-step grinding (dry grinding followed by wet grinding).

Similarly the mechanochemical intercalation of LDH materials make use of the following

three methods (Qu, Zhang, et al., 2015a):

� Grinding of LDH and intercalation compound with the assistance of a liquid.

� The grinding of raw materials and intercalation compound together, followed by

hydrothermal treatment when in the liquid phase.

� The collective grinding of water, amorphous raw materials and the intercalation

compounds during the second step of the aforementioned two-step grinding method.
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Mechanochemistry is considered important due to the promise of synthesising LDH with

new elemental combinations and the insertion of new compounds into the LDH structure

(Qu, Zhang, et al., 2015a). It was discovered that additional methods have been developed

since the release of the review paper by (Qu, Zhang, et al., 2015a) and are further

discussed in Section 2.9. It should further be noted that authors, at times, combine the

different mechanochemical techniques for the purpose of gaining insight.

2.7.1 Mechano-hydrothermal synthesis

Mechano-hydrothermal synthesis makes use of grinding for chemical activation of starting

materials, followed by the process of hydrothermal crystallisation. This procedure is

advantageous due to the formation of highly crystalline LDH at low temperatures and

shorter reactions times. Studies on the use of ball-milling and manual grinding, depending

on the use of metallic salts, oxides, or hydroxides, as a pretreatment for hydrothermal

processing has been conducted. This was done to obtain the necessary uniform mixtures

for the hydrothermal treatment step. The use of manual grinding was primarily associated

with metallic salts as raw materials, rather than hydroxides or oxides which are more

chemically stable (Qu, Zhang, et al., 2015a).

Hydrothermal treatment and its effects have been studied extensively. It is generally

speculated that during hydrothermal treatment disaggregation of particles occur first,

followed by particle growth. This considered to be of great importance as LDH particles

easily aggregate especially when in a solution. The growth of individual LDH crystallites

takes place followed by the growth of the particles. The surface energies associated with

large and small particles differ. This results in the dissolution and redeposition of smaller

particles and therefore the growth of larger particles (Ostwald ripening). Improved crys-

tallinity in the LDH products are thus observed (Zhang & Li, 2013).

A mechanochemical approach making use of manual grinding of solid salts, specifically

Na2CO3, NaOH, Al(NO3)3·9H2O and Mg(NO3)2·H2O, followed by a peptisation process

was conducted by (Zhang et al., 2012) in the synthesis of Mg-Al-LDH. LDH with poor

crystallinity and thermal stability was obtained after the grinding process. Peptisation

further resulted in the improvement of thermal stability with the formation of regular

highly crystalline particles.

The study varied parameters such as grinding time, molar ratio of Mg to Al and water

content were manipulated such that the morphology of the LDH was controlled. The

molar ratios were varied between 2:1, 3:1 and 4:1, exhibiting a maximum in crystallinity at

3:1. The morphology was observed to change from regular hexagonal shape to coagulated
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spheres with an increase in molar ratio. It is speculated that the stability of the LDH

phase is strongly dependent on the molar ratios of M2+:M3+ added to the system. The

most stable LDH phases are expected to form between a ratio of 2:1 and 3:1 (Zhang et

al., 2012).

Grinding results in the chemical activation of reagents added to the system. Sufficient

grinding results in the regular arrangement of particles, however prolonged grinding may

result in structural imperfections. The crystallinity was found to pass through a maximum

at 60 min when varying grinding time between 30, 60 and 90 min. Enough energy must

therefore be supplied to the system for LDH formation and particle arrangement (Zhang

et al., 2012).

The addition of water to the system is expected to reduce the degree of supersaturation

which negatively influences the particle morphology and degree of crystallinity. It was

observed that the addition of water resulted in an increase in the aggregation of particles

and a decrease in particle size and crystallinity (Zhang et al., 2012).

The method of mechanochemical LDH synthesis was extended to the production of Zn-

Al, Mg-Fe and Ni-Al LDH. The process involved the manual grinding of Na2CO3, NaOH,

M3+(NO3)3.mH2O and M2+(NO3)2·nH2O. The ground powder mixtures obtained were

then hydrothermally treated at 100 °C for 24 h. The primary findings indicated that

the grinding process results in the incomplete formation of LDH phases. Hydrothermal

treatment was found to result in high degrees of crystallinity and regular LDH formation.

It was also noted that the degree of reaction associated with the LDH formation was

dependent on the the melting point of the precursor salts. Lower melting points were

found to result in more LDH phase in samples after grinding (Zhang & Li, 2013).

Comparatively, ball milling provides higher activation energy than manual grinding and

can therefore be used in the synthesis of LDH from hydroxides or oxides. The synthesis

of Mg-Al-NO3 LDH was successfully conducted through a novel route involving a pre-

milling step followed by hydrothermal treatment. The initial step includes the milling of

MgO and Al2O3 in a ball mill. The milled mixture was further placed in an autoclave

with NaNO3 solution and hydrothermally treated (Zhang, Du, Song, Liu, et al., 2013).

A similar procedure was used for the successful synthesis of Mg-Al-Fe-NO3 LDH. It was

further noted that Li-Al-Cl LDH could be synthesised by grinding gibbsite for short and

long periods of time, followed by hydrothermal treatment in a Lithium chloride (LiCl)

solution (Qu, Zhang, et al., 2015a).
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2.7.2 Single-step grinding

Single-step grinding has predominantly been performed in two ways (Qu, Zhang, et al.,

2015a):

� Dry grinding of metal salts and hydroxides, with small amount of NaOH.

� Wet grinding, making use of a ball mill, of a metallic salt solution.

The dry grinding process makes use of either a ball mill or manual grinding methods. The

grinding allows for the chemical activation of the hydroxides and metal salts such that the

crystal structure is weakened. The necessary crystal water for LDH formation is provided

during the washing step of the process. The formation of Mg-Al-HCO3, Mg-Al-NO3 and

Mg-Al-Cl LDH has been successful with this method (Qu, Zhang, et al., 2015a).

The synthesis process involving the formation of Mg-Al-Cl LDH, from Mg(OH)2 and

AlCl2·6H2O, required the addition of an inert that reduced the hygroscopic nature of the

starting materials. It was speculated that unreacted Mg(OH)2 in the system was due

to particles slinking to the bottom as a result of the hygroscopicity of AlCl2·6H2O. The

addition of KCl resulted in pure phase LDH formation (Khusnutdinov & Isupov, 2007).

Single step wet grinding has reportedly resulted in the synthesis of highly crystalline

iron based LDH (Co-Fe-Cl) using an iron free cobalt chloride solution milled at room

temperature in a tumbling mill making use of carbon steel balls. The one-step synthesis

method required no additional pH control and heating. Iron ions were obtained were

found to gradually elute from the balls during the milling process. The pH of the system

was further controlled by hydroxide formation from the decomposition of water molecules

within the system. Oxidation of Co2+ was prevented through limiting the oxygen content

within the system, argon gas was used to create the desired inert conditions prior to

milling (Iwasaki, Shimizu, et al., 2012).

A similar synthesis procedure was conducted with the use of NiCl2 solution resulting in the

production of Ni-Fe-Cl LDH. This synthesis method was deemed suitable for large scale

production due to the ease of up-scaling the milling process. The grinding process was

deemed important as vigorous stirring of Fe(0) powder with NiCl2 did not result in LDH

formation. Further pH adjustment of a NiCl2 and FeCl3 solution with NaOH addition did

not result in the formation of an LDH phase. The large amounts of mechanical energy

produced through milling was thus deemed necessary for LDH formation (Iwasaki,Yoshii,

et al., 2012).
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The success associated with the formation of LDH, for single step grinding procedures,

has been noted to be dependent on the selected starting materials used. The use of

metallic salts of chlorides or nitrates allow for possible LDH synthesis, however the ground

sample may require washing, producing undesirable waste solution. The use of hydroxides

or oxides eliminate the generation of waste solution, however LDH synthesis becomes

challenging. The effects of mechanochemical activation were found to increase when

reactants were subjected to an initial dry milling step, avoiding initial water addition

(Qu, Zhang, et al., 2015a).

2.7.3 Two-step dry and wet grinding

The two-step dry and wet grinding process makes use of an initial dry grinding step,

followed by the addition of the stoicheometrically correct amount of water for LDH syn-

thesis. The initial step allows for the production of an amorphous mixture with active

sites necessary for chemical reactions to occur. Water addition was determined to be

necessary for crystallisation (Tongamp, Zhang & Saito, 2006b).

A single step operation was conducted, for comparison with the two step operating pro-

cedure, in which Mg(OH)2 and Al(OH)2 was milled with the use of a planetary ball mill.

The amount of water added to the system was varied. It was determined that the addition

of water in the one step synthesis procedure prevents the reduction of starting materials

to the required amorphous phase. The two step milling procedure prevents interference

and therefore LDH formation was more prominent (Tongamp, Zhang & Saito, 2006b).

Results indicated that more water than the stoicheometrically correct amount was re-

quired for the reaction to reach completion. This was deemed necessary due to water

absorbing on sample surfaces and difficulties associated with introducing the added water

into the formed crystal structures. Excessive water addition resulted in wet milling and

therefore a reduction in the LDH phase. An increase in milling time further promoted

LDH formation reaching a maximum. This process allows for little carbonate contami-

nation due to little amounts of solution involved within the process (Tongamp, Zhang &

Saito, 2006b). The two-step process is as depicted by Figure 9.

The two-step process provides a simple procedure for intercalation. Compounds selected

for intercalation can be added to the second step of the process. This eliminates the

need for ion-exchange and regeneration procedures (Qu, Zhang, et al., 2015a). The syn-

thesis of Mg-Al-NO3 was successfully conducted through the initial milling of Mg(OH)2

and Al(OH)3, followed by milling with Mg(NO3)2·H2O. Synthesis was conducted in a

planetary ball mill. A one step milling process in which all raw materials were added at
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Figure 9: Two-step dry and wet grinding procedure reproduced with permission from (Qu,
Zhang, et al., 2015a).

once was conducted for comparative purposes. The formation of Mg-Al-NO3 did occur

however the reaction did not reach completion (Tongamp, Zhang & Saito, 2008).

A super-paramagnetic Fe3O4 (Mg-Al-OH-LDH) has been synthesised through a two step

milling procedure. The initial step was conducted through the dry milling of Mg(OH)2,

Al(OH)3 and Fe3O4 for 1 h. This was followed by the wet milling, with water, of the

products for 5 h. The final product was found to contain homogeneously dispersed Fe3O4

cores within the LDH matrix (Zhang, Du, Zhang, et al., 2012).

The mechanochemical approach was found to successfully synthesise LDH compounds

that could not be produced with conventional methods. A Ca-Sn-LDH was synthesised

using a two step mechanochemical approach. The method was further extended to incor-

porate the intercalation of amino acids (cystine and valine) such that an organic-inorganic

nano-composite could be produced. Three experimental procedures were followed for

comparative purposes (Ferencz, Szabados, Adok-Sipiczki, et al., 2014):

1. Co-precipitation of CaCl2 or CoCl2 and SnCl4 in a NaOH solution.

2. One step dry grinding of precursor materials: CaCl2, CoCl2·6H2O, Ca(OH)2 and

SnCl4·6H2O.

3. Two step grinding of precursor materials: CaCl2, CoCl2·6H2O, SnCl4·6H2O and

Ca(OH)2. This included 1 h dry grinding followed by 2 h wet grinding.

Milling procedures were conducted using a mixer mill and experiments were then repli-

cated using a agate mortar and pestle. Results indicated that the two step mechanochem-

ical procedure successfully resulted in Ca(II)-Sn(IV)-LDH synthesis. Intercalation of

amino acids into the LDH structure was further found to occur. The one step procedure

could not generate enough hydroxides for the formation of the LDH structure. Simi-

larly the co-precipitation method was found to be unsuccessful with no LDH phase being
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identified in the final product. It was noted that the agate mortar and pestle were suf-

ficient for LDH synthesis and that the mixer mill was not necessary (Ferencz, Szabados,

Adok-Sipiczki, et al., 2014).

A similar two step procedure was conducted for the synthesis of Ca-Al-LDH making

use of Ca(OH)2, Al(OH)3 and NaOH or water. Experimental grinding procedures were

conducted on a mixer mill and with a mortar for comparison. Grinding with a mortar re-

sulted in incomplete reaction, with little LDH formation. This could be due to insufficient

production of mechanical energy for product formation when making use of hydroxides

as raw materials. Results obtained using the mixer mill indicated near complete conver-

sion of reactants to pure phase LDH, making use of optimised milling conditions. It was

observed that the ball to sample ratio had a large effect on the synthesis process. It was

further noted that as the milling frequency increases, a maximum occurs after which the

concentration LDH decreases. This could be due to the complete destruction of the LDH

crystal with an increase in mechanical energy (Ferencz, Kukovecz, et al., 2015).

2.7.4 Comparison of different mechanochemical synthesis methods

A summary of the advantages and disadvantages of the mechanochemical techniques

available for LDH synthesis is depicted in Table 2. Among all the processes listed the

two-step grinding procedure was recommended for further studies (Qu, Zhang, et al.,

2015a). Novel techniques discussed in Section 2.9 were not included in this comparative

summary.
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Table 2: The advantages and disadvantages of the various types of mechanochemical ap-
proaches as reproduced with permission from (Qu, Zhang, et al., 2015a).

Approach Advantages Disadvantages

Mechano-

hydrothermal
Manual grinding

Regular hexagonal

crystals

Solvent

involvement

Highly Dispersed

Starting materials

limited to soluble

salts

Waste of energy

Ball-milling
Regular hexagonal

crystals

Solvent

involvement

Raw materials include

the use of salts,

hydroxides and oxides

Waste of energy

Direct

mechanochemical

synthesis

Single step wet

grinding
Ease of operation

Solvent

involvement

Saving energy
Seemingly limited

to Fe based LDH

Single step dry

grinding
Ease of operation

LDH crystallinity

is low

Free of any solvent

Two-step grinding Ease of operation
Agglomeration of

particles

Free of any solvent

Raw materials include

the use of salts,

hydroxides and oxides
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2.8 Mechanochemical intercalation

Four major mechanochemical processes were identified by (Qu, Zhang, et al., 2015a) for

the intercalation of LDH:

1. Liquid assisted grinding of LDH with intercalation compounds.

2. Manual grinding of selected raw materials with compounds needed for intercalation.

This is followed by hydrothermal treatment in water.

3. Ball milling starting materials such that an amorphous mixture is produced followed

by hydrothermal treatment in a solution containing intercalation compounds.

4. Two-step grinding process.

The identified processes can be further divided into two categories namely solvent-free

intercalation or solvent-involved intercalation. Solvent free intercalation was described

by (Qu, Zhang, et al., 2015a) to make use of solid state reactions in which little or no

solution is used for the desired reaction. It should be noted that washing of the product

is still applicable. A summary of the previously mentioned processes are as depicted in

Figure 10 according to solvent involved and solvent free intercalation.

Figure 10: Summary of mechanochemical intercalation procedures as reproduced with per-
mission from (Qu, Zhang, et al., 2015a).

Novel intercalation procedures are further identified and discussed in Section 2.9.

2.8.1 Solvent-involved intercalation

The synthesis of Mg-Al-LDH intercalated with methotrexatum (MTX), for application

in drug delivery, was successfully conducted making use of a mechano-hydrothermal pro-

cess. The starting materials Mg(NO3)2·6H2O Al(NO3)3·9H2O and NaOH were manually
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ground after which MTX powder was added and the grinding proceeded. The final pow-

der product was washed with deionised water and further peptised. The crystallinity,

morphology and release properties of the product was compared to MTX-LDHs obtained

with the use of the co-precipitation method (Qi, Zhang & Li, 2012).

The results obtained from this study indicated that the LDH synthesised through mechano-

hydrothermal methods displayed superior properties to LDH synthesised via co-precipitation.

The particles were found to be more monodispersed and regular. The release property

of the LDH was found to be slower and thus ideal for drug delivery application. Energy

conservation was not considered (Qi et al., 2012). The synthesis of MTX LDH was opti-

mised by (Qu, Zhang, et al., 2015b) in in which the addition of NaOH, grinding duration,

hydrothermal time and the temperature were investigated. Results indicated that the

addition of NaOH improved the LDH morphology, monodispersity and loading capacity.

Sodium dodecyl sulfate (SDS) intercalated Mg-Al LDH was successfully synthesised by

(Zhang, Du, Song & Hou, 2015). The process involved the milling of Mg(OH)2 and

Al(OH)2 in a planetary ball mill, followed by hydrothermal treatment in an SDS solution.

The LDH synthesised was to absorb 2,4-dichlorophenoxyacetic acid and was found to have

a high absorption efficiency and capacity. The structure and morphology of the LDH was

found to be similar to those synthesised by traditional methods. It was further determined

that the milling step was vital for the formation of the LDH structure.

2.8.2 Solvent-free intercalation

Solvent-free intercalation makes use of solid state reactions in which no or little solution is

used (Qu, Zhang, et al., 2015a). The synthesis of Ca-Sn-cystine and Ca-Sn-valine LDH,

as described in Section 2.7.3, followed a two-step dry and wet grinding intercalation

procedure. The versatility associated with mechanochemical intercalation is noted when

exploring the use of organic anions and pharmaceutical applications.

The intercalation of bioactive molecules, namely Eusolex or 2-phenylbenzimidazol-5-

sulfonic acid (EUS), was conducted by (Milanesio et al., 2010). The synthesis procedure

made use of a mixture of Zn-Al-NO3 LDH and EUS which was manually ground with

a small amount of NaOH solvent. The aim was to determine whether EUS could be

exchanged with NO3 within the LDH layer using mechanochemical techniques.

Analysis was conducted on the sample after drying and again after washing. Results

indicated that the composition and crystallinity of the LDH obtained within the samples

were comparable to those obtained through traditional methods. It was further found
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that the addition of a washing step removed co-product formed (NaNO3 and improved

the LDH crystallinity. It was observed that ionic exchange starts instantaneously after

the addition of the solvent and occurs mainly in the solid state as no dissolution of the

Zn-Al-NO3 LDH was noted. The small amount of solvent was thus concluded to result

in the creation of an active surface between the LDH and the EUS by deprotonation of

EUS (Milanesio et al., 2010).

A similar mechanochemical method was followed for the intercalation of a series of non-

steroidal anti-inflammatory drugs, specifically ketoprofen (KET), flurbiprofen (FLUR),

ibuprofen (IBU), indomethacin (INDO), triprofenic acid (TIAP), along with the two

dyes 3-carboxy coumarin (COUM) and fluorescein (FLUO). The analytical procedure

used was fast in situ X-ray powder diffraction (XRPD) such that the intercalation of the

bioactive molecules could be observed. Results obtained implied that the intercalation

of the organic anion takes place in the solid state. It was further noted that reaction

conditions were optimised such that the reaction could be completed in minutes rather

than days or hours (Conterosito et al., 2013).

Although a total of 8 experiments were conducted by (Conterosito et al., 2013), it was

found that only 5 were successful, namely EUS, KET, TIAP, IBU and FLUR. The reac-

tions for TIAP and IBU were found to have reached completion. No reaction was observed

for analysis conducted after dry grinding, however the addition of a small amount of sol-

vent was found to promote LDH formation. The unsuccessful reactions associated with

INDO and FLUO were speculated to be due to their bulky nature and may require more

extreme reaction conditions. It was further noted that reaction yields could be improved

through increasing the polarity or pH of the solution.

2.9 Recent developments for the mechanochemical synthesis of

layered double hydroxides

A summary paper was recently constructed by (Intasa-ard et al., 2018) in which many

novel accomplishments associated with LDH and mechanochemistry were summarised

or mentioned. A brief description regarding the methods used for LDH synthesis and

intercalation were provided. Although some methods have remained the same as those

previously described, new methods making use of post synthetic treatments, such as

agitation or ultrasound irradiation have been developed. Well crystallised, homogeneous

LDH was found to result from these new methods obtained (Intasa-ard et al., 2018).
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2.9.1 Mg-Al Layered double hydroxides

The most representative mineral of the LDH group is referred to as ”hydrotalcite”, a white

hydrous mineral, with the chemical formula Mg6Al(OH)16(CO3)·4H2O (Mg-Al-CO3). Its

properties consist of a rhombohedral crystalline system, low hardness of 2.00 and low

density of 2.06. Hydrotalcite and hydrotalcite-like minerals are rare in nature (Forano et

al., 2006).

Hydrotalcite is commonly synthesised with the use of the co-precipitation method and

is widely used for catalysis. A route for the synthesis of meixnerite (Mg-Al-OH) was

developed by (Tongamp et al., 2006a) through a two-step mechanochemical synthesis

route. A mixture of Mg(OH)2 and Al(OH)3 (ratio 3:1) was initially dry milled for 1 h

followed by 2 h of milling with water. All experiments were conducted in a planetary ball

mill (45 cm3 inner volume) with 7 stainless-steel balls of 15 mm diameter.

Recently (Bester, 2016) did a study on the mechanochemical synthesis of LDH com-

pounds with the use of a horizontal bead mill. The study was aimed at the viability of

mechanochemical LDH synthesis rather than the optimisation. The synthesised product

was to be used as a flame retardant in PVC (poly vinyl chloride). The material would

thus require properties that allow for the prevention of PVC breakdown and are not

detrimental to the processing of the polymer. The synthesis of Mg-Al-OH was studied

and results obtained indicated the formation of both Mg-Al-OH and Mg-Al-CO3 LDH.

Products were thermally aged and found to be outside the desired particle size range for

polymer matrix incorporation. The product was found to reach the desired particle size

after 60 min, however it was unclear whether the reaction reached completion at that

point (Bester, 2016).

Another solvent free technique includes dry grinding of raw materials followed by hy-

drothermal treatment. A study was conducted by (Du et al., 2016) in which plate-like

Ni-Mg-Al LDH was synthesised and its properties compared to that of LDH synthe-

sised using traditional co-precipitation. Results obtained indicated that the mechano-

hydrothermal method resulted in more highly crystalline, hexagonal LDH, whereas that

produced by co-precipitation contained a flower like structure more prone to agglomera-

tion. The dry grinding step used within this study was that of manual grinding.

The synthesis and stability of Mg-Al-acetate LDH for thin film ion exchange applications,

was investigated, with the use of a 2 step mechanochemical procedure, by (Kuramoto et

al., 2017). The raw materials, Mg(OH)2and Al(OH)3 were initially dry milled. Mag-

nesium acetate, Mg(CH3COO2)·4H2O, was then added to the process and the milling

continued. All grinding procedures were conducted with the use of a planetary ball mill
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and no washing step was included. The results obtained indicated that the synthesis of

pure phase LDH was successful and would further be subjected to stability and hydration

tests. Stability tests were conducted to ensure that the sample could be stored under

different conditions for elongated time periods. The LDH product was thus subjected to

the following test conditions:

1. Dry air: The sample was exposed to dry air at room temperature. It was noted that

dehydration of the sample occurred through a reduction in the LDH basal spacing.

2. High humidity: Exposure to high humidity allowed for the decomposition of inter-

calated acetate ions into carbonate anions. The exchange of anions could also have

occurred due to the adsorption of atmospheric carbon dioxide during storage of the

sample.

3. Closed container: The sample was stored within a closed container for approxi-

mately one month. No anion exchange or decomposition of acetate was observed

under these storage conditions.

4. Hydration: Although not specifically related to storage, the dehydration and swelling

of the LDH product was investigated. The sample, once mixed with water and then

dried, was found to have an increased basal spacing attributed to hydration. No

decomposition of acetate or adsorption of carbon dioxide occurred during the hy-

dration and drying procedures conducted.

5. Aqueous suspension: A highly transparent aqueous suspension was obtained and

stored under nitrogen atmosphere. No precipitation was observed after a few days

of storage.

6. Ambient conditions without nitrogen: The interlayer acetate was found to decom-

pose and undergo exchange with carbonate anions when an aqueous sample was

stored under atmospheric conditions.

The results obtained were comparable with those of LDH prepared via traditional meth-

ods. It was further interesting to note that the acetate intercalated LDH could success-

fully be transformed into a thin film. The advantage of this LDH was demonstrated by

subjecting the film to a solid-state ion exchange with coumarin-3-carboxylic acid (C3C).

Intercalation of C3C was successful and was advantageous as thin films constructed using

C3C as a starting material were often of poor quality or not possible (Kuramoto et al.,

2017).

A study conducted by (Fahami & Beall, 2016) indicated the successful synthesis of Mg-Al-

SO4 LDH through the use of a one step milling procedure, followed by washing and ageing.
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Results indicated that high purity, round platelet, LDH was obtained after approximately

60 min of milling with the use of a high energy ball mill (8000 M Mixer/Mill).

Recently a CdS/Mg-Al LDH composite was synthesised by dry milling the respective

hydroxides along with CdCl2 and Na2S in a high energy ball mill. The ground product

was then agitated in water such that LDH formation could occur. Analysis indicated that

the CdS was uniformly distributed within the LDH matrix rather than the intercalation

thereof (Li, Chen, et al., 2018).

Many of the studies conducted have indicated that mechanochemistry gives rise to com-

plex LDH structures that are not possible with conventional methods. It has also been

noted that at times additives are required when making use of traditional methods, to

allow for intercalation into the LDH or stability thereof. Mechanochemistry is also useful

in other areas such as the intercalation of an LDH into a polymer matrix without the

need for compatibilsers or organic modifiers (Zhang & Chen, 2018).

2.9.2 Ca-Al Layered double hydroxides

Hydrocalumite is a subgroup related to hydrotalcite, with the representative formula

Ca2Al(OH)6Cl·3h2O. It is considered a rare, hydrated Calcium aluminate that occurs

naturally as bladed crystals. The structure consists of an ordered arrangement of Ca2+

and metal3+ cations. A general representation is described by Equation 5 (Forano et al.,

2006).

[Ca2M
III(OH)6]

x+[Xq−
x/q · nH2O] (5)

The synthesis of hexagonal-shaped hydrocalumite via a one-pot mechanochemical ap-

proach was successfully conducted by (Fahami, Beall, et al., 2016). The method was

found to produce the LDH within 30 minutes. Well crystallised hydrocalumite was fur-

ther found to form at 60 min of milling. A decrease in XRD peak intensity and sharpness

with an increase in milling time was noted. This was considered to be due to mechanically

induced amorphisation. The method involved the milling of CaCl2, AlCl3 and NaOH,

at different times, using a high energy ball mill (8000 M) at atmospheric conditions. It

should be noted that NaCl is produced as a side product that was disposed of through

washing the LDH product (Fahami, Beall, et al., 2016).

A study was conducted by (Fahami, Duraia, et al., 2017), using similar reaction conditions

to (Fahami, Beall, et al., 2016), in which the effect of ion content on composition and
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structural features of Ca-Al-Cl LDH was investigated. The mechanochemical method

included the one-pot milling CaCl2, Al(OH)3 and NaOH, using a high energy ball mill

(8000M mixer mill) at atmospheric conditions. The degree of substitution (x) of chlorine

was varied between 0.1 and 0.4 using the general formula Ca1-xAlx(OH)2Cl-x. The chlorine

content however was noted to be controlled by the amount of aluminium substitution that

occurred within the LDH lattice. The final composition was thus acquired with the use

of Equation 6.

(1−x)CaCl2 +xAl(OH)3 + (2− 3x)NaOH → Ca1−xAlx(OH)2Clx + (2− 3x)NaCl (6)

Results obtained from this study indicated that highly crystalline, pure phase, Ca-Al-Cl

LDH was obtained at degree of substitution of 0.2, with no side product formation. Low

levels of Al substitution yielded portlandite as a by product, whereas high levels resulted

in gibbsite as an additional phase. Calcite formation was detected in samples at high

and low degrees of substitution. It was further noted that the substitution of chlorine

affected the size of the crystallites and the degree of crystallinity (Fahami, Duraia, et al.,

2017).

Comparatively Ca-Al LDH was successfully synthesised with a two-step mechanochem-

ical process in which the addition of a third phase was considered. Initially the milling

of only the relevant hydroxides, namely Ca(OH)2 and Al(OH)3, resulted in the forma-

tion of katoite as a main phase. The further addition of carbonate (CaCO3) or chloride

(CaCl2·2H2O) during the operation allowed for the formation of Ca-Al-LDH. The addi-

tion of a third phase for the stabilisation of the desired LDH compounds is considered

important for future synthesis procedures (Qu, Zhong, et al., 2016).

The grinding procedure was conducted with the use of a planetary ball mill at 600 rpm.

The operation involved the dry grinding of the respective starting materials followed by

the addition of a small amount of water. Nearly pure phase Ca-Al-CO3 and Ca-Al-

Cl LDH was obtained. It was however noted that at certain molar ratios the reaction

did not run to completion. It was further observed that the synthesis of the Ca-Al-Cl

LDH occurred more easily than that of the Ca-Al-CO3 LDH. This could be due to the

possibility that the reactivity of water soluble CaCl2·2H2O being higher than that of

CaCO3, which is water insoluble. It was noted that the synthesis of different types of

LDH could be possible with a variation in the anion (third phase) added to the system

(Qu, Zhong, et al., 2016).

A study conducted by (Zhong et al., 2017) presented interesting results regarding the

40



incorporation of a third phase during LDH synthesis for the absorption of Cr(VI). The

method involved the dry grinding of hydroxides (Al(OH)3 and Ca(OH)2) and a mixture of

hydroxides with chlorides (CaCl2 and MgCl2), forming a precursor. These mixtures were

then agitated in solutions of deionised water and K2CrO4, CaCl2 or MgCl2, or a mixture

of both chlorides and Cr(VI). Results indicated the successful formation of Ca-Al-Cr(VI)

LDH for mixtures containing only the Cr(VI) source and those containing Cr(VI) along

with chlorides (Zhong et al., 2017).

The objective was to remove toxic Cr(VI) from the environment, despite the presence of

other anions, through the formation of LDH, rather than using already synthesised LDH.

The absorption potential was found to be excellent in the presence of only a Cr(VI)

source and good for a mixture of chlorides and Cr(VI). This indicated that the formation

of Ca-Al-Cr LDH as the main phase occurred despite the presence of Cl anions. It was

noted that when only agitating in the presence of a Cr(VI) source (k2CrO4) that one type

of Ca-Al-Cr LDH was synthesised, namely 3CaO·Al2O3·CaCrO4·12H2O. Comparatively,

when Cl was present during the agitation step, a second stable Ca-Al-Cr LDH phase was

identified along with the first, specifically 3CaO·Al2O3·CaCrO4·14H2O. This suggested

that incorporation of more water molecules into the LDH structure was possible with the

coexistence of chlorides in solution (Zhong et al., 2017).

It was further noted that the Cr(VI) absorption efficiency increased with an increase in

the concentration of MgCl2. This was however believed to be due to the formation of the

stable 3CaO·Al2O3·CaCrO4·12H2O and 3CaO·Al2O3·CaCrO4·14H2O phases rather than

the concentration of the MgCl2. A stable phase of Ca-Al-CrO4 LDH was observed to

result, indicating the preferred incorporation of Cr(VI) into the LDH structure, despite

the presence of chloride ions. The LDH formed were irregular, spherical particles with

very poor crystallinity. The study further confirmed that when milling only hydroxides,

and using only deionised water, a stable phase of katoite would form rather than LDH.

A third phase such as chlorides, chromate or carbonate was thus necessary to transform

the katoite phase into an LDH phase (Ca-Al-X) (Zhong et al., 2017).

The synthesis of Ca-Al-CO3 LDH, along with halogen intercalated Ca-Al LDH, through

a mechanochemical pre-treatment, followed by ultrasonic irradiation, was successfully

conducted by (Szabados, Meszaros, et al., 2016). Milling was conducted using a mixer

mill with stainless steel grinding balls. Key observations made during this study were:

1. Pre-milling was essential for the formation of the desired LDH phase. No LDH

formation occurred otherwise.

2. Increasing the milling time resulted in an increase in LDH peak intensity and re-

flections obtained during XRD analysis.
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3. An increase in the milling time resulted in the formation of secondary products,

namely hydrated tricalcium-aluminate (TCA-Ca3[Al(OH)6]2) and calcium aluminium

oxide hydrate (Ca2Al2O5·8H2O).

4. It was speculated that an increase in the carbonate concentration would result in

a decrease in TCA formation, and a further increase in LDH formation. A sodium

carbonate solution was thus added to the milled hydroxides and its concentration

varied. It was found that upon increasing the carbonate concentration, the LDH

concentrations increased considerably. The solubility of the TCA was believed

to increase with an increase in carbonate concentration, further resulting in the

decomposition of its precursors to calcium carbonate (CaCO3). Excess carbonate

within the system was found to reduce the LDH and Ca(OH)2 to CaCO3.

Similarly, the synthesis of the LDH Ca-Al-Fe, intercalated with carbonate or chloride an-

ions, was possible when combining mechanochemistry and ultrasonic irradiation. Nearly

pure phase, highly crystalline, LDH was obtained during this process. It was noted that

during ultrasonic treatment, intense mechanochemical effects were provided due to cavi-

tation in the liquid, occurring near the surface of the already-milled solids. The collapse

of the cavities resulted in the production of high speed jets of liquid, forming reactive

surfaces and thus close-to phase pure LDH (Szabados, Pasztor, et al., 2016).

Boron containing LDH was synthesised using dehydration-rehydration, anion exchange

and mechanochemistry for application as catalysts in the Beckmann rearrangement reac-

tion of cyclohexanone oxime. The type of borate ion varies according to the system pH.

The mechanochemical process yielded LDH with monoborate (B(OH)4
- within the layers.

Comparatively, LDH synthesised via dehydration-rehydration methods contained tribo-

rate (B3O3(OH)4
-) anions within its layered structure. The catalytic activity of the two

borate containing LDHs were thus found to vary, with that produced via mechanochem-

istry having no activity. The LDH obtained through anion exchange did not have borate

intercalated within its structure, but rather contained borate anions on the outer surface

only (Varga et al., 2017).

2.9.3 Cu-Al Layered double hydroxides

A study was conducted by (Qu, He, Chen, Zhang, et al., 2017) in which Cu2(OH)2CO3

and Al(OH)3 was initially dry milled and then agitated in water or methyl orange. The

milling method made use of a zirconium dioxide, two-pot planetary ball mill. Results

obtained indicated that the dry milling step allowed for the formation of an amorphous

precursor, which readily formed highly crystalline LDH when agitated in the selected
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solution. The amorphous phase, and thus LDH phase, was found to be dependent on the

selected milling speed. Higher operating speeds, in this case greater than 400 rpm, were

necessary for the precursor formation. Pure phase Cu-Al LDH, with no impurities, was

found to form when milled at 600 rpm and then agitated in water. The ratio of Cu:Al

was further varied during the study and the optimum was found at a ratio of 2:1. A too

low ratio resulted in no LDH formation, whereas larger ratios resulted in the presence of

unreacted cupric carbonate.

The study further aimed to synthesise methyl orange (MO) intercalated LDH through

the dry milling of raw materials followed by agitation in methyl orange. Pure, highly

crystalline, Cu-Al-MO LDH was obtained. The presence of crystalline LDH was thought

to be a result of the inclusion of an agitation step rather than a wet milling step. LDH

obtained through dry milling followed by wet milling is often observed to be large ag-

glomerates. It was further noted throughout the study that the formation of a precursor

was more effective than direct anion exchange (Qu, He, Chen, Zhang, et al., 2017).

A similar method was used in the syntheses of dodecyl sulfate (DS-) intercalated Cu-Al

LDH, for 2,4-dichlorophenoxyacetic acid (2,4-D) adsorption, by (Qu, He, Lei, et al., 2017).

Pure phase, pillared, Cu-Al-DS LDH was successfully synthesised with the use of ball

milling. A comparative study was conducted on the mechanochemically synthesised LDH

and that obtained through ion exchange, more specifically, Cu-Al LDH stirred within a

SDS solution. Results indicated that LDH synthesised via mechanochemical means was

superior in terms of DS- intercalation. This was thought to be due to the difficulty of the

bulky DS- entering the LDH layers. Phase pure DS-LDH was not synthesised through

ion exchange methods. The adsorption capability of 2,4-D was found to be quite similar

in both studies conducted (Qu, He, Lei, et al., 2017).

2.9.4 Zn-Al layered double hydroxides

A Zn-Al LDH was synthesised by (Qu, He, Chen, Huang, et al., 2017) with a similar

method to that described in section 2.9.3 by (Qu, He, Chen, Zhang, et al., 2017). The

study involved the dry milling of Zn basic carbonate (Zn4CO3(OH)6·H2O) and Al(OH)3,

with the use of a planetary ball mill, followed by agitation in water. A comparative

study was further conducted between the above-mentioned method and the two step

mechanochemical route, in which dry milling followed by wet milling of raw materials,

is conducted. It was noted that replacing the wet milling step with agitation produced

LDH with higher crystallinity and good dispersion. The LDH produced by wet milling

exhibited low crystallinity and agglomerates. It was also noted that various types, specif-

ically low and high Zn content LDH, could be synthesised when making use of a grinding
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procedure and varying the molar ratios between 1:1 and 3:1. Nearly phase pure LDH was

obtained, making use of agitation, at a rotational speed of 600 rpm. This was interesting

as reaction conditions were similar to that for Cu-Al LDH synthesis conducted by (Qu,

He, Chen, Zhang, et al., 2017) and (Qu, He, Lei, et al., 2017).

Recently (Li, Zhang, He, et al., 2017) successfully synthesised ZnxCd(1-x)S and Zn-Al LDH

along with the LDH precursors with the use of a one-step mechanochemical procedure.

The LDH structures were synthesised after the grinding operation by washing the formed

precursors in distilled water. A similar study was conducted by (Li, Zhang, Liu, Wu,

et al., 2018) when synthesising Ag/Zn-Al LDH. It was noted that no evidence for Ag

entering the Zn-Al LDH was obtained, but instead it was uniformly distributed on the

surface of the LDH. This was found to assist in the photo-catalytic degradation of methyl

orange under visible light. The presence of Ag thus did not destroy the LDH structure

formed, successfully synthesising a composite material.

Rose shaped, highly crystalline Zn-Al LDH was synthesised by (Szabados, Bus, et al.,

2016) with the use of a ultrasonically-aided milling procedure, followed by rinsing with

aqueous ammonia. The synthesis procedure was compared to that making use of agitation

rather than ultrasonic irradiation. The process of irradiation was found to yield superior

results. This was speculated to be a result of cavitation that occurs in sonicated systems.

Energy is released through the collapse of bubbles at crevices within the solids. This

results in the further breakdown of larger particles to smaller ones.

Recently (Li, Zhang, Liu, Chen, et al., 2018) successfully synthesised a Bi2S3/Zn-Al LDH

composite with the use of a planetary ball mill. Products were synthesised by grinding

zinc carbonate hydroxide hydrate (Zn4CO3(OH)6·H textsubscript2O), Al(OH)3 and Bi2S3

followed by stirring in water. It was understood that the Bi2S3 particles were distributed

among the LDH matrix and not intercalated between the layers.

2.9.5 Li-Al layered double hydroxides

The mechanochemical synthesis of Li-Al LDH was first conducted, using a two-step grind-

ing procedure, by (Qu, He, Wang, et al., 2016). The process involved the dry milling of

Li(OH) and Al(OH)3, followed by the addition of water and further milling. The amount

of water added to the system was varied between 1 and 5 mol. Product obtained was de-

scribed as being somewhat caked or nearly dry powders. No further treatment or drying

was conducted on the samples obtained. Experiments were conducted with the use of a

planetary ball mill.
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The study was further aimed at determining the effect of the wet grinding time, specif-

ically between 0.5 and 4 h, on the synthesis and crystallinity of the LDH. Prolonged

wet grinding was reported to result in the successful formation of highly crystalline, pure

phase LDH. Additionally, the Li/Al ratio was varied, with pure phase LDH being syn-

thesised for a ratio of 1:2. Most synthesis routes require an excess of raw material which

is inevitably washed away. Comparatively, a mechanochemical route requires the exact

stoichiometric amount, otherwise excess reactant will be observed with the product. Poor

dispersion and agglomeration of particles was noted in the final LDH products obtained

(Qu, He, Wang, et al., 2016).

Pure phase tetraborate pillared Li-Al LDH was synthesised for the first time by (Qu,

Li, et al., 2016), using a mechano-hydrothermal procedure. Aluminium hydroxide was

first activated with the use of a planetary ball mill and then hydrothermally treated in

Li2B4O7 and water. Samples were compared to Li-Al LDH synthesised via the tradi-

tional two-step mechanochemical method and were found to be more crystalline, with

little agglomeration. A similar study was conducted by (Zhang & Hou, 2018) in which

pure phase, highly crystalline, well dispersed hexagonal Li-Al-OH was synthesised us-

ing the mechano-hydrothermal method. The crystallinity was found to be dependent

on the temperature at which hydrothermal treatment was conducted, increasing with

an increase in temperature. The Li-Al-OH LDH synthesised via a comparative two-step

mechanochemical procedure was found to exhibit irregular stone-like particles. Interest-

ingly when increasing the Li:Al ratio of the starting materials from 0.5 through to 5, the

Li:Al ratio within the LDH was found to remain constant at 0.5. This was speculated to

be due to the vacancy content in the crystalline Al(OH)3.

2.9.6 Synthesis of layered double hydroxides consisting of Cobalt

Various types of LDH comprising of cobalt have been synthesised with the use of conven-

tional means. It was however noted that little information regarding the mechanochemical

synthesis of Co-LDH was available.

Previously synthesised layered double hydroxides include Co-Fe-Cl (Iwasaki, Shimizu, et

al., 2012) as described in Section 2.7.1 and Co-Fe(II)-Fe(II) with the use of a modified

colloid mill reactor (Xu et al., 2011).

2.9.7 Synthesis of layered double hydroxides consisting of Nickel

Little information regarding recent developments in the mechanochemical synthesis of

Nickel based layered double hydroxides was found to be available
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2.9.8 Non-conventional layered double hydroxides

Various interesting LDH have been synthesised via mechanochemical means. A study

conducted by (Ferencz, Szabados, Varga, et al., 2016) indicated that Ca(II)-Fe(III)-LDH

was successfully synthesised with the use of dry grinding followed by further grinding with

small amounts of water or NaOH solution. The water and NaOH solution was added such

that a sufficient amount of hydroxide groups were present for the respective LDH to form.

The process was conducted with the use of a mixer mill. The study as aimed at producing

pure phase LDH through varying the Ca:Fe molar ratio, the dry grinding time (without

water addition) and the amount of water added to the system. Pristine LDH along with

cystinate and tyrosinate intercalated LDH was successfully synthesised.

The study revealed that no grinding was necessary for LDH formation, however that

increasing the dry milling time increased the conversion of the reactants to LDH. This

was considered to be a result of mechanical activation of the particle surfaces. The

activation is speculated to be a result of the increase in surface area, decrease in the

coherence energy of the particles and an increase in both the internal and surface energy.

The effects of the grinding frequency were further investigated. Low frequencies resulted

in smaller XRD intensities with a maximum being observed with an increase in frequency.

A further increase resulted in a reduction in LDH crystallinity and eventual destruction

of the LDH. Changing the molar ratios further revealed that a ratio of 2:1 (Ca:Fe) was

optimal to avoid excess reactant within the system and minuscule CaCO3 formation

(Ferencz, Szabados, Varga, et al., 2016).

Similarly, an ultrasonically-enhanced mechanochemical procedure for the synthesis of

Ca-Fe LDH was developed by (Szabados, Varga, et al., 2018). The process included

a pre-milling step followed by ultrasonic irradiation. The halides F-, Cl-, Br- and I-,

azide and the oxo anions CO3
2-,NO3

- and ClO4
- were successfully intercalated into the

synthesised Ca-Fe LDH.

Research was conducted in an effort to identify whether Ti4+ and Mn2+ have been suc-

cessfully incorporated into an LDH structure through a mechanochemical route. Little

information was found to be available regarding the use of grinding for synthesis purposes.

2.10 The effects of grinding on the final properties of layered

double hydroxides

The final properties of LDH synthesised through mechanochemical techniques may need

to conform to certain standards before they can be incorporated into certain products
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or manufacturing processes. The type of milling may not only affect synthesis, but may

result in LDH that does not have the correct particle size, morphology or characteristics

for the intended use. It was thus considered important to investigate the effect of certain

grinding techniques on the final properties of already synthesised LDH.

The effects of three different grinding procedures, namely knife milling, ball milling and

jet milling, on the final properties of layered double hydroxides was studied by (Pagano

et al., 2018). The particle size, morphology, specific surface area, crystallinity and flow

character were investigated. It was noted that one of the most important characteristics

is the final particle size as it affects the characteristics of the formulations in which it is

incorporated. These include the homogeneity, stability and flow properties of the final

product and is considered further important if incorporated semi-solid blends. The search

for synthesis methods in which the dimensions of the final LDH product can be controlled,

for industrial scale application, is open. A solution to this could be the use of grinding

methods such as those mentioned (Pagano et al., 2018).

The selected grinding technique is dependent on the type of material to be milled. It

is further important to maintain the desired product features such as crystallinity and

morphology. The study conducted made use of Mg-Al-NO3 LDH due to its broad use

and versatility, however the study was specifically aimed at pharmaceutical application.

Results obtained indicated that ball milling resulted in the largest particle size, whereas

jet milling produced the finest particles of the techniques used. The morphology of

the LDH crystal was found to be altered for ball milling and knife milling in which

agglomerates and aggregates were the final result. Comparatively, particles obtained

from jet milling maintained their crystal structure with no breakage and slight flattening

(Pagano et al., 2018).

The specific surface area for ball and knife milled particles were found to have decreased,

whereas for those that were jet milled the specific surface area increased. The decrease

of surface area was said to be attributed to agglomeration. Similar to the trends associ-

ated with morphology, a loss of crystallinity was observed for both ball and knife milled

samples. Comparatively the crystallinity for the jet milled samples remained acceptable

and no carbonate contamination was noted (Pagano et al., 2018).

The flow properties of the LDH is considered to be one of the most important char-

acteristics for product manufacture and quality. High flow-ability was found to ensure

reproducible filling of dies or capsule shells for tablet and capsule manufacturing for

pharmaceuticals. Samples obtained from ball milling contained very low flow character

with low homogeneity. Knife milling samples indicated acceptable flow character how-

ever was considered inhomogeneous. Finally, the jet milled product was found to exhibit

47



good homogeneity and a fair flow character. It was thus concluded that for industrial

manufacture of LDH for pharmaceutical application, jet milling would be the best of the

presented methods to follow (Pagano et al., 2018).

2.11 Commercial Milling

Particle size reduction occurs through factors such as pressure, friction, attrition, impact

or shear via particle-particle, particle-media or particle-mill interactions. Dry milling

and wet milling differ, with both processes having their own unique limitations. Dry

grinding may result in issues such as powder accumulation, electrostatic agglomeration,

and considerable amounts of frictional heat and upon scale-up the flow properties may

affect the uniformity of the product being delivered. Milled and partially milled product

may be very cohesive and may accumulate. This would result in the reduction of the

overall process yield. The removal of product from areas with low flow periodically,

such as in pipe elbows, cyclones or any bends, may increase processing times and costs.

Blockages associated with accumulated powders could further result in overheating and

equipment failure. Additional environmental limitations associated with dry grinding

include the production of fines that may be hazardous to operators and impact the

environment. The formation of explosive dust also requires consideration hot sources such

as heated surfaces or electrical sources need to be carefully maintained. The production

cost associated with dry milling increases with the need for safety equipment and safety

procedures for operating personnel (Williams et al., 2012).

Wet milling, commonly referred to as slurry milling, has multiple benefits over its dry

milling counterpart. This includes thermal control, safer operation and particle distri-

bution. Thermal control allows for more versatile operation in which more complex or

thermally sensitive compounds can be processed. The prevention of chemical decomposi-

tion, solid phase transitions or product melting is increasingly valuable. A concern with

wet milling, however, is the dissolution of submicron or fine particles within the system.

Additionally, the production of larger particles through Ostwald ripening poses a chal-

lenge. When scaling the process to a commercial level, it is of importance to consider the

effects of surface area to batch volume, which affects the heat transfer. Sealing of the wet

milling equipment is necessary to prevent contamination and prolong the seal lifetime.

The final particle size distribution is dependent on the type of wet milling equipment

selected, however is largely dependent on the residence time of the system. This can be

controlled through single or multi-passes (Williams et al., 2012).

Ball milling is one of the most commonly used methods for LDH synthesis and is likely due

the amorphitization ability of the equipment through impact. The process of commercial
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grinding requires a significant amount of electrical energy, as well as increased quantities of

steel due to machine and media wear. Communition efficiency is therefore of importance.

Energy efficiencies associated with tumbling mills can be as low as 1 % or less. It has

been reported that for ball milling, the theoretical energy required for size reduction is

approximately 0.6 % of the energy supplied to the machine set-up. Additionally, the

surface free energy related to solid materials is within the order of 102 to 103 mJ·m-2/.

Studies have indicated that the specific energy required to produce a particle with a

specific surface area of 0.3 m2·g-1 should only require 0.1 kWh·t-1. Real grinding systems,

however, require 10 to 100 kWh·t-1 resulting in a calculated efficiency between 0.1 % and

1 %. (Fuerstenau & Abouzeid, 2002).

Agitator bead mills produced by Netzsch are designed for a wide range of applications

such as homogenization of solids, deagglomeration and dispersing. They are designed

to handle some of the most demanding grinding processes such as the comminution of

quartz or boron carbide, and can process solids concentrations of up to 80 %. The

comminution energy within agitator bead mills is transferred via the grinding media.

Each comminution stage can be described through the specific energy input and differs

for every selected product. Studies have attempted to correlate the grinding performance

and the energy input into the system. Smaller grinding media, the energy utilized is

deemed to be better initially. This is however only true for up to a certain bead size,

after which the energy required to achieve a certain particle size can rise substantially.

A wide range of Netzsch grinding systems exist and models used within laboratory trials

can be scaled up to a commercial level. (Netzsch, 2009)

2.12 Standard Mill operation

A NETZSCH LME 1 Horizontal mill for continuous grinding and dispersion of the solids

in liquid, with the use of a disc agitator, was used for all experimental procedures followed.

The disc agitator, commonly used for processing products related to the paint and varnish

fields, can be exchanged with a peg agitator used for difficult products. This includes

highly abrasive media or highly viscous and temperature sensitive products.

The principle of use is similar to that of agitator bead mills in which the grinding media

is accelerated with the use of an agitator shaft. The energy supplied to the media is

then transferred to the solids via collisions and de-accelaration. The vessel is placed in a

horizontal position such that even activation of the grinding media is provided.

Figure 11 depicts a schematic of the mill as provided by NETZSCH.
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Figure 11: Technical schematic of a horizontal mill as provided by NETZSCH.
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The numerical references are as follows:

1. Machine stand.

2. Bearing housing.

3. Grinding vessel.

4. Tank floor.

5. Liquid vessel for sealing during grinding.

6. Control panel.

7. Cooling/heating water inlet.

8. Cooling/heating water outlet.

9. Compressed air connection.

10. Product inlet.

11. Product outlet.

12. Oil level of pump gear.

13. Pressure reducing valve.

14. Discharge valve for sealing liquid.

15. Manometer.

16. Thermometer.

17. Pump.

18. Speed adjustment of pump.

19. Speed adjustment of agitator shaft.

20. Bead filling connection.

21. Product discharge.

22. Grinding media discharge.

23. Leakage vessel.

24. Grease nipple.
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The relevant control panel is as depicted in Figure 12 where the numerical references are

as follows:

Figure 12: Technical schematic of the control panel as provided by NETZSCH.

1. Off switch to agitator.

2. On switch to agitator.

3. Emergency off switch.

4. Off switch to pump.

5. On switch to pump.

6. Agitator ammeter.

7. Speed rheostat.

The selected mill is desirable due to the following advantages:

� High grinding capacity.

� Closer grain distribution.

� The grinding system undergoes less strain.

The pump setup provided by NETSCH was not used. Standard mill operation consisted

of the following steps:

� Check the level of the sealing liquid and adjust the sealing pressure accordingly by

opening of the compressed air line.

� Charge the grinding vessel with the selected media, fill up if required. Only use

media of the same type and size.
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� Open cooling water valves.

� Switch on mill and adjust agitator speed to minimum 1000 rpm.

� Switch on pump.

� The desired product is to be fed in suspension and thus processed in one passage

into the vessel. The flowrate of the product and thus the residence time in the mill

is adjusted by the selected feed pump.

� The product can be either cooled or heated depending on its temperature behaviour.

2.13 Selection of milling media

NETSCH provides a guideline for the selection of grinding media. The media selected is

dependent on the following criteria:

� Contamination.

� Material density.

� Efficiency.

Contamination refers to selected products restricting the type of grinding media that may

be used due to the following:

� Colour change .

� Chemical incompatibility.

� Separation of the broken grinding media is extremely difficult or costly.

� Regulations such as those found in the food industry.

The specific gravity of the grinding media is an indication of the amount of energy that can

be transferred during collisions to the product particles. At a constant agitator speed and

with satisfactory product suspension the energy released is only dependent on the mass of

the milling media. If the energy released during the grinding operation is not sufficient,

media with a higher specific gravity would have to be selected. It should however be

noted that grinding media with a larger diameter, providing the same mass, could reach
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the desired similar effect. This however results in a reduced number of grinding media

within the system and therefore reduce the number of contact points.

The efficiency of the selected grinding media are dependent on the following factors:

� Media charge.

� Wear behaviour.

� Grinding capacity.

The wear behaviour is dependent on the combination of grinding media and the suspen-

sion. The grinding capacity is further influenced by the mass of the selected grinding

media. The size of the selected grinding media should be within the range of 20 to 50

times the size of the initial grain size. Grinding may require a two step procedure if the

energy requirement is high or the initial grain size of the product is too high.

2.14 Analytical techniques

2.14.1 X-ray differaction analysis (XRD)

X-ray differaction analysis involves exposing a sample with X-rays such that they interact

with any crystalline phase present. This interaction results in the production of a unique

differaction pattern. XRD patterns act like fingerprints that allow for the charicterisation

of phases present within crystalline samples (Cullity, 1956).

XRD analysis is the primary analytical technique used for the characterisation of LDH

materials. Phases within the sample are generally identified through comparison with

existing stadards. Peak intensity is indicative of the total amount of scattering from each

crystal plane (Connoly, 2019). Samples with poor crystallinity and disordered stacking

of the layers result in difficulties associated with the interpretation of the XRD data.

Diffraction lines are often broad and asymmetric as a a result (Cavani, Trifiro & Vaccari,

1991).

The interlayer spacing of the LDH can be calculated with the use of Braggs law as

described in Equation 7.

nλ = 2dsin(θ) (7)
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where d refers to the distance between the atomic layers within the LDH crystal. The

variable λ refers to the wavelength of the incident X-ray beam. The variable n further

refers to an intiger, typically selected to be 1 and θ describes the angle of deflection.

Reaction products of powdered samples were identified using a PANalytical X’Pert Pro

powder diffractometer in θ-θ configuration fitted with an X’Celerator detector and vari-

able divergence- and fixed receiving slits. The system made use of Fe filtered Co-Kα

(λ=1.789 Å). Samples were prepared using the standardized PANalytical backloading

system, providing a random distribution of particles. Samples were scanned from 5°to

90°2θ with a step size of 0.008. Sample mineralogy was determined using the ICSD

database in correlation with X’Pert Highscore plus software.

2.14.2 Fourier transform infrared spectroscopy (FT-IR)

FT-IR analysis can be conducted to determine the qualitative presence of chemical com-

pounds that are present within a sample. An IR-spectrometer ill be used to pass infrared

radiation through a sample and will make use of a detector to plot the transmittance

or absorbance as a function of the wavenumber of the radiation. A downward peak

is indicative of the absorption at a select wavenumber. IR spectroscopy allows for the

identification of functional groups and bonds within a molecule. The spectrum obtained

typically extends from radiation at 4000 cm-1 to 600 cm-1 and can be seperated into a

functional group region as well as a fingerprint region (1450 cm-1-400 cm-1). The fin-

gerprint region, however, is unique to each sample but may be complex. Stretching

vibrations typically occur within the functional group region whereas bending vibrations

occur typically within the fingerprint region (Harding, 2019).

The intensity associated with absorption bands are dependent on the change in dipole

moment of a bond as well as the specific number of bonds present. Two different atoms

result in a difference in electronegativity and therefore allow for photon absorption. No

electronegativity results in no absorption and therefore no peaks will be observed. Bigger

electronegativities result in more intense absorption (Harding, 2019). Table 3 depicts the

characteristic bonds associated with each of the LDH materials synthesised, as obtained

from literature. FT-IR spectra were obtained using a Perkin Elmer 100 Spectrophotome-

ter. Analysis was conducted over a range of 550 cm-1 to 4000 cm-1 and represent an

average of a total of 32 scans, at a selected resolution of 2 cm-1.
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Table 3: Possible bands present within FT-IR spectra for LDH materials.

Wavenumber (cm-1) Type of Bond Reference

430 O-M-O (Aisawa et al., 2002)

900-300 (str) M-O (Socrates, 2001)

3000 Adsorbed water (Aisawa et al., 2002)

1620 (Aisawa et al., 2002)

1400 C-H stretching vibration (Aisawa et al., 2002)

2850 (Aisawa et al., 2002)

2925 (Aisawa et al., 2002)

1360 Carbonate in interlayer (Dudeka et al., 2012)

3000 (Dudeka et al., 2012)

1366 (Labuschagne et al., 2015)

(Qu, Zhong, et al., 2016)

3022 (Qu, Zhong, et al., 2016)

1420 Carbonate on surface (Qu, Zhong, et al., 2016)

875 (Qu, Zhong, et al., 2016)

1530-1320 CO3
2- (Socrates, 2001)

1160 (Socrates, 2001)

1100-1020 (Socrates, 2001)

890-800 (Socrates, 2001)

745-670 (Socrates, 2001)

3250-3600 Bonded O-H (Nicolet, 2019)

(Tongamp et al., 2006a)

3500-3700 Free O-H (Nicolet, 2019)

(Tongamp et al., 2006a)

1100-900 Silicate (Socrates, 2001)

770-700 ZrO3
2- (Socrates, 2001)

600-450 (Socrates, 2001)

500-300 (Socrates, 2001)

240-230 (Socrates, 2001)

3800-3000 (str) M-OH (Socrates, 2001)

3700-3300 (str) (Qu, Zhong, et al., 2016)

1200-690 (def) (Socrates, 2001)
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2.14.3 Particle size analysis (PSA)

Particle size analysis is an analytical technique that determines the size range of the par-

ticles present within a sample. Particle size is considered to be important as it influences

the properties of particulate matter and can be an indicator of quality and performance.

This is considered to be true for powders, suspensions, aerosols and emulsions. The flow

and compact properties of powders are influenced by its shape and size. Larger particls

with spherical shape flow readily and more easily than particles that are smaller with

high aspect ratios. Dissolution occurs more readily for small particles and will result

in greater suspension viscosities when compared with larger particles (Horiba Scientific,

2019).

Many existing techniques make the assumption that particles being analysed are spherical.

This is due to the complexity associated with multi dimensional particles. This approach

is considered to be simplistic, as well as innacurate, however does not cause serious

problems for particles generated with most industrial applications. The assumption is

considered to be problematic only for particles with large aspect ratios such as fibres or

needles (Horiba Scientific, 2019).

Samples collected were analysed wet and fully dispersed, before the respective filtration

and drying steps, with the use of a Mastersizer 3000 (Malvern Instruments, UK). A Hydro

LV solids unit was used for addition and distribution of solid particles. The mastersizer

3000 makes use of laser differction analysis to determine the particle size range for a

select wet or dry sample. A laser beam, is passed through the dispersed sample and the

intensity of the scattered light is measured (Malvern Panalytical, 2019).

A typical system consists of three main configurations (Malvern Panalytical, 2019):

1. An optical bench through which the dispersed sample passes. This is where the par-

ticles are illuminated with the laser beam. Multiple detectors would then measure

the scattered light making use of both blue and red light wavelengths.

2. Sample dispersion units ensure that the sample is delivered to the bench at the

correct concentration and suitably dispersed.

3. Instrument software analyses the scattered data obtained and calculated the desired

particle size distribution.
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2.14.4 Scanning electron microscopy (SEM)

Scanning electron microscopy makes use of an electron microscope. Images are produced

through scanning the surface of the sample, which is mounted on a stage, with a con-

centrated beam of electrons. The column and chamber of the microscope is evacuated

with the use of pumps. The level at which the vacuum is maintained is dependent on

the type of microscope in use. A multitude of signals (backscatterd electrons, secondary

electrons and charactersitic X-rays) are produced due to the electron-sample interaction

which are then detected by a set of detectors. An image of the topography of the sample

can then be generated. The electron beam can penetrate the sample to a certain depth

(few microns) and is dependant on the accelerating voltage and the sample density.

Sample morphology was examined with the use of SEM imaging. A Zeiss Gemini 1 cross

beam 540 FEG SEM (Oberkochen, Germany) was used for all selected samples. Dry

powdered samples were secured onto an aluminium sample holder and graphite coated

5 times with a Polaron Equipment E5400 SEM auto-coating sputter system (Quorum,

East Sussex, UK).

2.14.5 X-ray fluoresence (XRF)

X-ray fluoresence is a non-destructive analytical technique used to determine the ex-

act elemental composition of a sample. This is done through the measurement of the

fluorescent X-ray that is emmited from the sample upon excitation with the use of a

primary X-ray source. Each element present emmits a unique set of fluorescent X-rays

(ThermoFischer, 2019).

The XRF process is as follows (ThermoFischer, 2019):

1. The sample, solid or liquid, is irradiated with the use of high energy X-rays from a

select X-ray tube.

2. Upon irradiation an electron from the inner orbital of an atom is dislodged.

3. An electron from a higher energy orbital will fill the vacancy and release a fluorescent

X-ray. This is then measured and analysed.

Samples were dried at 100 °C and roasted at 100 °C to determine mass loss upon ignition.

1 g of the sample was mixed with 6 g Lithumtetraborate flux and fused at 1050 °C to form

a stable fused glass bead. Analysis was conducted using a Thermo Fisher ARL Perform

‘X Sequential instrument. Samples were characterized using UNIQUANT software.

58



The estimated error is given as the highest value from three selected sources. These

include (1) Counting statistical error, (2) systematic errors in corrections for background

and line overlaps and, (3) error based on the K factor equation. A standard material is

analysed for each smple batch under the same analytical conditions and was prepared

under the same conditions as each sample. Table 4 depicts the estimated error and

calculated percentage error associated with an analysed standard. The percentage error

can increase drastically for smaller measurements and should be considered when looking

at select components.

Table 4: An example of an analysed standard as presented by the Department of Geology,
University of Pretoria (UP)

Component BHVO-1 Certified BHVO-1 Analysed BHVO-1 Est. Error Percent Err.

SiO2 49.94 48.59 0.25 0.514
Al2O3 13.8 13.79 0.17 1.23
MgO 7.23 8.16 0.14 1.72
Na2O 2.26 1.98 0.07 3.54
P2O5 0.273 0.321 0.016 4.98
Fe2O3 12.23 11.62 0.16 1.38
K2O 0.52 0.534 0.027 5.056
CaO 11.4 10.62 0.15 1.41
TiO2 2.71 2.48 0.08 3.23
V2O5 0.0566 0.0538 0.0027 5.018
Cr2O3 0.0422 0.0379 0.0019 5.013
MnO 0.168 0.17 0.0085 5
NiO 0.0154 0.0168 0.0013 7.74
CuO 0.017 0.0192 0.0014 7.29
ZrO2 0.0242 0.103 0.0068 6.601
SO3 0.0352 0.0024 6.82

Co3O4 0.0162 0.0012 7.41
BaO 0.562 0.16 28.47
ZnO 0.0173 0.0012 6.94
SrO 0.121 0.006 4.96

Y2O3 - 0.0171 0.0056 32.75

3 Experimental design

The aim of the study was to expand on the synthesis of LDH materials through mechanochem-

ical means. Many mechanochemical techniques were found to exist, however little research

has been conducted on one-step wet mechanochemical synthesis of LDH. An exploratory

approach was therefore used for the experimental design and research conducted.
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3.1 Apparatus

A NETZSCH LME Horizontal mill for continuous grinding of solids in liquid, with a

disc agitator, modified for batch synthesis was used for all experimental runs conducted.

Figure 13 depicts a general schematic of the modified set-up. Modification of the system

allowed for no inlet or product flow to occur. The system was therefore sealed at both the

inlet and outlet to the milling chamber. Batch modification allowed for the conservation

of raw materials. The instrument was selected as it is primarily designed for wet milling

and allows for ease of upscaling to a commercial level.

Steel head 10k NTC temperature (MicroRobotics) sensors were placed directly into the

jacket water line at the entrance and exit of the cooling water jacket. Similarly a Fs400A

G1 flow meter (MicroRobotics) was placed in the inlet line at the entrance to the jacket,

in sequence with the temperature sensor. The internal temperature of the vessel could

not be measured directly as a result of the grinding activity. A temperature sensor was

therefore placed on the front plate of the mill, such that the temperature associated with

the jacket was excluded. A detailed schematic depicting the location of each sensor is

indicated in Figure 13.

Figure 13: Process flow diagram of batch mill set-up.

3.2 Synthesis conditions

The selection of synthesis conditions were divided up into two seperate subsections,

namely a parameter study and a versatility study.

Parameter study The influence of milling parameters on the synthesis of Mg-Al lay-

ered double hydroxide was investigated making use of batch operation under atmospheric
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conditions. The following milling and synthesis parameters were selected to be kept con-

stant throughout each experimental run:

1. Media shape: The optimum shape for grinding has been reported to be spherical

(Williams et al., 2012), however for fine grinding application rod shaped media

has proven to produce desirable results (Wills & Finch, 2016). Due to availability

spherical media was selected for all grinding experiments conducted.

2. Media loading: Studies recommend operation be conducted at maximum loading for

efficient grinding (Wills & Finch, 2016). The media loading was therefore selected

to remain constant at 60 % occupying a volume of 0.735 L.

3. Media material: The selected material for all grinding purposes was yttrium sta-

bilised zirconia due to its highly inert nature, hardness and availability.

4. Starting materials: The starting materials selected were commercial grade MgO

(86 %, Chamotte Holdings) and Al(OH)3 (99.2 %, Belguam Indal). The selection

of raw materials are further discussed in Section 4.

5. Metal ratio: The selected M2+:M3+ ratio was kept constant at 2:1.

6. Cooling water flow rate: The flow rate remained constant at 525 L·h-1. This was

selected at as an intermediate flow rate, with the maximum observed to be 800 L·h-1

without modification.

Unless stated otherwise, the following milling parameters were kept constant for each

experimental run:

1. Jacket water inlet temperature was set to 30 °C. This was observed to be the

lowest constant temperature available from the surroundings without the need for

refrigeration. Temperatures naturally fluctuate throughout the seasons, with the

highest temperature observed to be 30 °C in summer. This was therefore selected

to be the lowest controllable temperature throughout the year.

2. Bead size was kept constant at 2 mm due to availability and ease of use.

3. Rotational speed was kept constant at 2000 rpm as this was deemed to be an

intermediate speed between the maximum (3000 rpm) and minimum (1000 rpm)

operational speeds available. It was observed that 1000 rpm was the minimum oper-

ational speed at which runs were deemed to be successful. Experimental runs were

unsuccessful at lower speeds for the selected synthesis conditions and loading, as

61



the system would automatically shut down. Similarly the maxmimum operational

speed was determined to be 3000 rpm, with greater speeds not possible without

modification.

4. Retention time was selected to be 1 h.

5. Solids loading was set at 10 % raw materials in water.

The milling parameters investigated were therefore as follows:

1. Rotational speed: The rotational speed was varied at 1000 rpm, 2000 rpm and

3000 rpm, for 1 h at a jacket water inlet temperature of 30 °C. A change in the

rotational speed should result in an increase in the milling rate, increasing the

number of collisions in a set time frame. It was therefore of interest to determine

the influence of rotational speed on the formation of LDH product (Ranu & Stolle,

2015).

2. Residence time: The residence time was varied for 1 h, 2 h and 3 h, at a cooling

water inlet temperature of 30 °C and rotational speed of 2000 rpm. An increase

in milling time could influence the conversion of raw materials to LDH product as

an increase in the residence time result in an increase in the number of collisions

(Ranu & Stolle, 2015).

3. Solids loading: The solids loading was varied at 10 %, 20 % and 30 %. Greater

solids loading should result in an increase in the particle-particle collisions within

the milling time frame. It was further expected that the viscosity of the slurry

change drastically with an increase in solids loading, which may reduce the overall

number of collisions (Ranu & Stolle, 2015).

4. Bead size: The bead size was varied from 2 mm to a size of 0.25 mm, at a cooling

water inlet temperature of 30 °and rotational speed of 2000 rpm. It was speculated

that decreasing the milling media size will result in an increase in the amount of

reactive surface area, therefore increasing the conversion of reactants to LDH (Ranu

& Stolle, 2015).

5. Jacket water temperature: The jacket water temperature was increased from 30 °C

to a maximum of 50 °C. Greater jacket water temperatures were not available

without further modification to the system. The increase in temperature was in-

vestigated for a change in rotational speed at 1000 rpm, 2000 rpm and 3000 rpm.

Similarly the change in temperature was further investigate for a change in retention

time for 1 h, 2 h and 3 h, at a rotational speed of 2000 rpm. Higher temperature
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was expected to influence the rate of reaction within the system (Ranu & Stolle,

2015).

Versatility study The synthesis of Mg-Al, Ca-Al, Zn-Al and Cu-Al layered double

hydroxides were further investigated. Synthesis conditions such as the M2+:M3+ ratio’s

as well as selected raw materials were adapted from existing literature that make use of

other mechanochemical techniques. The following milling and synthesis conditions were

kept constant for each experimental run:

1. Rotational speed was set at 2000 rpm, this was selected as an intermediate speed

between 1000 rpm and 3000 rpm, which correspond to the minimum an maximum

speeds of the mill.

2. Jacket water inlet temperature was set at 30 °C, with a flow rate of 525 L·h-1. It

was of interest to determine the extent at which the sysnthesis occurs at the lowest

natural temperature for each of the selected LDH materials, before synthesising at

higher temperatures.

3. Retention time was selected to be 1 h.

4. Bead size and type were selected to be 2 mm yttrium stabilised zirconia due to its

durability and inert nature.

5. Solids loading was selected to be 10 %.

6. Bead loading remained constant at 60 % by volume.

Intermediate milling conditions were selected to determine the versatility of the syn-

thesis procedure. The synthesis conditions specific to each of the LDH materials were

adapted from literature. These were found to be the optimal conditions specified for

mechanochemical techniques making use of either a ball mill or mixer mill. These were

determined to be:

1. Mg-Al: The raw materials selected were MgO and Al(OH)3 added at a 3:1 M2+:M3+

ratio to H2O (Tongamp et al., 2006a).

2. Ca-Al: The synthesis as conducted in two ways, with or without the addition of a

carbonate source. Raw materials selected were therefore CaO, Al(OH)3 and CaCO3,

added according to a 2:1:0 or a 3:2:1 ratio M2+:M3+:CaCO3 to H2O (Qu, Zhong, et

al., 2016).
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3. Zn-Al: Two zinc sources were seperately investigated at a M2+:M3+ ratio of 1:1

with Al(OH)3. These were selected to be ZnO and Zn5(CO3)2(OH)6 to be added

to H2O (Qu, He, M Chen, Huang, et al., 2017).

4. Cu-Al: The selected raw materials were Cu2(OH)2CO3 added at a 2:1 and 4:1

M2+:M3+ ratio to H2O. The selected 2:1 ratio was initially adapted from literature.

The selected 4:1 ratio was only tested once results were analysed for the 2:1 ratio.

This was done to determine the effect an excess of Cu2+ would have on the formation

of Cu-AL LDH.

Limited research has been conducted on single-step wet grinding procedures with ex-

cess water and warrants further investigation. Synthesis techniques may have limitations

on the type of LDH materials that could be synthesised. It is therefore necessary to

determine whether such limitations are prevalent for the selected mechanochemical pro-

cedure. The selection of optimal conditions, specifically in relation to M2+:M3+ relevant

to conventional mechanochemical techniques provide insight on the performance on the

selected milling technique. Samples were subjected to ageing for 24 h at 80 °C to de-

termine whether the selected mill allowed for sufficient mecanochemical activation of the

sample such that LDH formation would commence. It was of interest further investigate

the effect ageing would have on the milled mixture.

Summary of synthesis conditions Table 5 summarises the selected synthesis condi-

tions for both the defined parameter and versatility studies. It should be noted that S2

and S16 are the same sample, however have been listed twice for ease of understanding.
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Table 5: The synthesis conditions selected for each experimental run conducted, as well as the
sample reference. *The metal ratio for Ca-Al LDH refers to M2+:M3+:CaCO3.

Sample
LDH

type

Metal

ratio

Rotational

speed [rpm]

Jacket

water [°C]

Solids

loading [%]

Residence

time [h]

Bead

size [mm]

S1 Mg-Al 2:1 1000 30 10 1 2

S2 Mg-Al 2:1 2000 30 10 1 2

S3 Mg-Al 2:1 3000 30 10 1 2

S4 Mg-Al 2:1 2000 30 10 1 2

S5 Mg-Al 2:1 2000 30 10 2 2

S6 Mg-Al 2:1 2000 30 10 3 2

S7 Mg-Al 2:1 2000 30 20 1 2

S8 Mg-Al 2:1 2000 30 30 1 2

S9 Mg-Al 2:1 2000 30 10 1 0.25

S10 Mg-Al 2:1 1000 50 10 1 2

S11 Mg-Al 2:1 2000 50 10 1 2

S12 Mg-Al 2:1 3000 50 10 1 2

S13 Mg-Al 2:1 2000 50 10 1 2

S14 Mg-Al 2:1 2000 50 10 2 2

S15 Mg-Al 2:1 2000 50 10 3 2

S16 Mg-Al 2:1 2000 30 10 1 2

S17 Mg-Al 3:1 2000 30 10 1 2

S18 Ca-Al* 3:2:1 2000 30 10 1 2

S19 Ca-Al* 2:1:0 2000 30 10 1 2

S20 Zn-Al 1:1 2000 30 10 1 2

S21 Zn-Al 1:1 2000 30 10 1 2

S22 Cu-Al 2:1 2000 30 10 1 2

S23 Cu-Al 4:1 2000 30 10 1 2
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4 Materials

The selected raw materials were a mixture of oxides and hydroxides such that the produc-

tion of harmful salt effluent could be avoided. This would allow for a ’greener’ method

of LDH synthesis.

Aluminium hydroxide Commercial grade Aluminium hydroxide (Al(OH)3)(99.2%,

Belguam Indal) was used as the primary source of M3+ for all LDH materials synthesised.

Magnesium oxide Commercial grade Magnesium Oxide (MgO) (86%, Chamotte Hold-

ings) was used for all experiments involving the synthesis of Mg-Al LDH. The MgO was

initially calcined at a temperature of 800 °C for 1 h to produce light burned Magnesia

(Ropp, 2013). This allowed for the elimination of MgCO3 and possible Mg(OH)2 from

the starting material.

The selected MgO had been calcined at a temperature of 950 °C prior to purchase, with

a reported reactivity of 65 % (Chamotte, 2018). It was noted that minor quantities of

forsterite (Mg2SiO4) were naturally present within the sample prior to use. SEM imaging

of the MgO, after calcination is depicted in Figure 14.

Calcium oxide Commercial grade calcium hydroxide (Ca(OH)2) was initially calcined

for 1 h at a temperature of 900 °C to form Calcium oxide (CaO) (66 %, Lime co.). This

allowed for the elimination of hydroxide and carbonate impurities present within the

starting material. The CaO was then reacted with water for 15 min to form Ca(OH)2

prior to milling. XRF analysis on the Ca(OH)2 indicated that approximately 66 % of the

sample was CaO. SEM imaging of the CaO is depicted in Figures 17.

Calcium carbonate Commercial grade Calcium carbonate (CaCO3) (96.5 %, Idwala

Carbonates) was used as the primary carbonate source for the synthesis of Ca-Al LDH.

SEM imaging of the raw material is depicted in Figure 16

Zinc basic carbonate Zinc basic carbonate (Zn5(CO3)2(OH)6 ( ≥ 58 % Zn, Sigma-

Aldridge)) was used for the synthesis of Zn-Al LDH. SEM imaging prior to milling is

depicted in Figure 18.
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Zinc oxide Paint grade Zinc oxide (ZnO) (99 %, Zinchem) was selected as the second

zinc source to be explored in the synthesis of Zn-Al LDH. SEM imaging of the selected

raw material is as depicted in Figure 19.

Cupric basic carbonate Commercial grade Cupric basic carbonate (Cu2(OH)2CO3)

(96 %, Adchem) was milled according to a 2:1 (Qu, He, M Chen, Q Zhang, et al.,

2017) and 4:1 (Excess Cu2(OH)2CO3) M2+:M3+ metal ratio. SEM imaging for the

Cu2(OH)2CO3 is depicted in both Figures 20 and 21. The sample primarily consisted of

rectangular platelets.

Figure 14: SEM imaging of calcined MgO. Figure 15: SEM imaging of Al(OH)3.

Figure 16: SEM imaging of CaCO3. Figure 17: SEM imaging of CaO.
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Figure 18: SEM imaging of Zn5(CO3)2(OH)6. Figure 19: SEM imaging of ZnO.

Figure 20: SEM imaging of Cu2(OH)2CO3. Figure 21: SEM imaging of Cu2(OH)2CO3.

5 Experimental method

5.1 Mill set-up

Prior to each experimental run the following steps were implemented for the start up of

the mill:

1. The level of the sealing liquid was checked to be within the correct operational

limitations.

2. Air pressure line was opened and pressure kept constant at 400 kPa.

3. Milling vessel was fully assembled.
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4. The milling vessel was charged with 2 mm yttrium stabilised zirconia beads to 60 %

by volume. Bead size remained consistent for each experimental run, unless stated

otherwise.

5. Cooling water valves were opened and jacket water flow rate was set at 525 L·.h-1.

6. Jacket water inlet temperature was set at 30 °C unless specified otherwise.

7. Data logging commenced upon the start of each experimental run.

5.2 Parameter Study

Rotational Speed

1. Approximately 28.63 g of MgO and 23.83 g of Al(OH)3 were weighed and placed in

seperate beakers.

2. The two dry powders were mixed together and added to the milling chamber with

the use of a funnel.

3. 472 g of water was measured from the cooling water line set a temperature of 30 °C.

This was then added to the milling chamber.

4. The chamber was sealed and milling commenced at the selected rotational speed.

Milling speeds were varied at 1000 rpm, 2000 rpm and 3000 rpm

5. Milling commenced for the duration of 1 h.

Retention time

1. Approximately 28.63 g of MgO and 23.83 g of Al(OH)3 were weighed and placed in

seperate beakers.

2. The two dry powders were mixed together and added to the milling chamber with

the use of a funnel.

3. 472 g of water was measured from the cooling water line. This was then added to

the milling chamber. The cooling water inlet was set at a temperature of 30 °C.

4. The chamber was sealed and milling commenced at the selected rotational speed of

2000 rpm.

5. Milling commenced for the selected durations of 1 h, 2 h and 3 h.
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Solids Loading

1. The raw material solids loading was varied at 20 % and 30 % for each experimental

run.

2. The two dry powders were mixed together and added to the milling chamber with

the use of a funnel.

3. The required water was measured from the cooling water line. This was then added

to the milling chamber. The cooling water inlet was set at a temperature of 30 °C.

4. The chamber was sealed and milling commenced at the selected rotational speed of

2000 rpm.

5. Milling commenced for the duration of 1 h.

Bead Size

1. The milling chamber was loaded to a capacity of 60 % by volume with 250 µm

yttrium stabilised zirconia beads.

2. Approximately 28.63 g of MgO and 23.83 g of Al(OH)3 were weighed and placed in

seperate beakers.

3. The two dry powders were mixed together and added to the milling chamber with

the use of a funnel.

4. 472 g of water was measured from the cooling water line set a the selected inlet

temperature of 30 °C.

5. The chamber was sealed and milling commenced at each of the selected rotational

speeds. The milling speed was set at 2000 rpm.

6. Milling commenced for the duration of 1 h.

Cooling water inlet temperature The cooling water inlet temperature was varied

for a change in the rotational speed as well as a change in the retention time. The method

associated with a change in rotational speed was as follows:

1. Approximately 28.63 g of MgO and 23.83 g of Al(OH)3 were weighed and placed in

seperate beakers.
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2. The two dry powders were mixed together and added to the milling chamber with

the use of a funnel.

3. 472 g of water was measured from the cooling water line set a the selected inlet

temperature of 50 °C.

4. The chamber was sealed and milling commenced at each of the selected rotational

speeds. The milling speed was varied at 1000 rpm, 2000 rpm and 3000 rpm.

5. Milling commenced for the duration of 1 h.

Similarly the method associated with a change in retention time was as follows:

1. Approximately 28.63 g of MgO and 23.83 g of Al(OH)3 were weighed and placed in

seperate beakers.

2. The two dry powders were mixed together and added to the milling chamber with

the use of a funnel.

3. 472 g of water was measured from the cooling water line set a the selected inlet

temperature of 50 °C.

4. The chamber was sealed and milling commenced at a rotational speed of 2000 rpm.

5. Milling commenced for the durations of 1 h, 2 h and 3 h.

Sample collection, Filtering and Drying All samples obtained for the duration

of the parameter study were subjected to the following sample collection, filtration and

drying steps:

1. The front cap of the milling chamber was removed upon completion of the experi-

mental run. Sample and beads were collected in a 5 L plastic beaker.

2. The sample and beads were stirred briefly to prevent settling. The sample was then

decanted into a 350 ml plastic container and sealed.

3. The obtained sample was filtered with the use of a gravity filtration set-up.

4. The filtercake was placed on a watch glass and dried at a temperature of 60 °C

under atmospheric conditions.

5. Drying commenced for the duration of 12 h.

6. Samples were reduced to powder form with the use of a mortar and pestle and

stored for analysis.
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5.3 Versatility Study

1. Masses for each of the selected LDH materials, namely Mg-Al, Ca-Al, Zn-Al and

Cu-Al, are summarised in Table 6. Seperate experimental runs were conducted for

each of the LDH materials specified.

2. The two dry powders associated with their respective LDHs were mixed together

and added to the milling chamber with the use of a funnel.

3. The respective mass of H2O associated with each of the selected LDH materials was

measured from the cooling water line. The inlet temperature was set at 30 °C.

4. The chamber was sealed and milling commenced at a rotational speed of 2000 rpm

for the duration of 1 h.

5. The front cap of the milling chamber was removed upon completion of the experi-

mental run. Sample and beads were collected in a 5 L plastic beaker.

6. The sample and beads were stirred briefly to prevent settling. The sample was then

decanted into a 350 ml container and sealed.

7. Approximately 175 ml of sample was aged in a 250 ml beaker, at 80 °C for 24 h

under atmospheric conditions. The rotational speed was kept constant at 400 rpm.

8. The remaining, as well as the aged sample were filtered with the use of a gravity

filtration set-up conducted under atmospheric conditions.

9. The filtercake was placed on a watch glass and dried at a temperature of 60 °C

under atmospheric conditions for 12 h.

10. Samples were reduced to powder form with the use of a mortar and pestle.

Table 6: Mass quantities [grams] of raw materials associated with LDH materials selected for
versatility study at their respective M2+:M3+ ratio

Mg:Al Ca:Al Ca:Al Zn:Al Zn:Al Cu:Al Cu:Al

3:1 3:2:1 2:1:0 1:1 1:1 2:1 4:1

MgO 33.79 - - - - - -

CaO - 25.93 35.89 - - - -

CaCO3 - 10.58 - - - - -

ZnO - - - - 26.99 - -

Zn5(CO3)2(OH)6 - - - 30.69 - - -

Cu2(OH)2CO3 - - - - - 38.97 44.91

Al(OH)3 18.75 15.91 16.60 21.77 25.78 13.75 7.92

H2O 472.82 471.76 472.39 472.23 474.53 474.57 475.49
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5.4 Cleaning Procedure

The selected cleaning procedure was conducted at the end of each experimental run.

1. Beads were rinsed repeatedly with water after collection. The water was decanted

at the end of each rinse until the water was observed to be clear.

2. The milling chamber was rinsed and scrubbed with a brush, however was not dis-

sasembled. Deconstruction of the milling chamber was observed to result in damage

to the vessel and components.

3. The front cap was washed and reassembled to the milling chamber. The mill was

reloaded with the rinsed beads and filled with water. Milling commenced for 15 min

at a speed of 2000 rpm.

4. The media was collected and water decanted. The milling chamber was then

reloaded for the next experimental run.

6 Results and Discussion

Qualitative X-ray diffraction (XRD) analysis was selected as the primary analytical tech-

nique for the identification of the LDH phase. Primary peaks associated with the LDH

material as well as that of the raw materials were indicated with the use of a dashed line

as well as the relevant label. Fourier transform infrared spectroscopy (FT-IR) analysis

was conducted to support XRD data obtained. X-ray fluoresence (XRF) was selected to

identify impurities within the system. The change in particle size and morphology were

observed making use of particle size analysis (PSA) and scanning electron microscopy

(SEM).

6.1 Parameter study

6.1.1 Rotational speed

XRD analysis The rotational speed was varied between 1000 rpm, 2000 rpm and

3000 rpm for a cooling water inlet temperature of approximately 30 °C. Figure 22 depicts

the XRD spectra obtained for samples synthesised at each of the selected rotational

speeds.
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The primary observations made were as follows:

1. The peak intensity for MgO and Al(OH)3 decreased with an increase in rotational

speed. It was noted that the decrease for Al(OH)3 was more pronounced than

that of MgO, with no Mg(OH)2 peaks identified. This could be attributed to

the exposure of the MgO to high temperatures prior to purchase, as well as the

selected calcination step. The reactivity of MgO is strongly influenced by calcination

temperature and time (Ropp, 2013). Similarly the hydration rate for MgO to

Mg(OH)2 is low at low temperatures (Rocha et al., 2004). It should be noted that

the dissolution of the raw materials could be influenced by the selected synthesis

conditions. Factors such as solubility, dissolution rate and mixing kinetics could

contribute to the discrepencies observed.

The pH of the system, in combination with factors such as temperature, concen-

tration and pressure, influence the raw material phases present within the sample.

Although not measured, the pH of the system was expected to be alkaline due to

pH values of MgO (10-11) and Al(OH)3 (7). It has been reported that the only

stable form of aluminium in alkaline solution are aluminates (Zorn & Kaminski,

2015). The Al(OH)3 reacts with OH- to form the Al(OH)4
- phase, which could

then wash out of the system. This would therefore contribute to the decrease in

Al(OH)3 peak intensity observed. More research should be conducted, through pH

measurements, to determine the extent at which these factors influence the results

obtained. This is true for all experiments conducted.

Higher rotational speeds may directly influence the amount of energy available for

transfer to heat or chemical energy (Ranu & Stolle, 2015). Similarly the chemical

activation of raw materials may increase with an overall increase in the impact

energy and number of collisions. This could therefore result in the increase in

conversion of raw materials to an amorphous LDH precursor or mixed metal oxides,

with an increase in the rotational speed.

2. The peak intensity of the inert material SiO2 decreased with an increase in rota-

tional speed. This implies that the overall decrease in peak intensity observed for

all materials could be due to an increase in amorphitisation. Higher operational

speeds directly influence the kinetic energy associated with the media and particles

within the system. This results in a greater amount of high energy impacts within

a set time frame (Ranu & Stolle, 2015). Particle degradation should therefore in-

crease with an increase in the rotational speed, resulting in a greater degree of

amorphitisation.

The physical properties associated with the individual solid raw materials may also

influence their individual rate of amorphitisation. The hardness associated with
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Al(OH)3 varies between 2.5 and 3 on the Moh’s hardness scale (Mindat, 2019a).

Comparitively periclase (MgO) has a recorded hardness of 5.5 (Mindat, 2019b). It

should be noted that the hardness of caustic MgO was expected to vary from that

of periclase, however data was not readily available to confirm the exact numerical

measurement. Grinding of the Al(OH)3 could therefore occur from both the milling

media and that of MgO.

3. Minor primary LDH peaks could be construed as being present for each of the

selected rotational speeds. No clear trend was observed and LDH peaks were not

clearly identifiable. It is possible that amorphous LDH precursor formation occurs

due to the changes in raw material peaks observed, however could not be identified

through XRD analysis. Similarly minor quantities of LDH or amorphous mixed

metal hydroxides could be present within the sample, however difficult to identify

through XRD analysis.

Measured system temperatures are summarised in Table 9. The power input varied at

measured values of 0.49 kW, 1.09 kW and 1.57 kW for speeds of 1000 rpm, 2000 rpm

and 3000 rpm respectively. Assuming a steady flow system the total energy removed

through cooling water was calculated from Equation 8, where Q̇ represents the rate of

net heat transfer in and out of the control volume (kJ·s-1), ṁ the mass flowrate (kg·s-1),
∆T the difference in temperature (K) and Cp is the heat capacity (kJ·kg-1·K-1) (Cengel

& Ghajar, 2015). Heat capacity is a function of temperature and can be described by

Equation 9 (Perry & Green, 2008), where Cp represents the heat capacity of a liquid

(J·kmol-1·K-1), C1 through to C5 are constants summarised in Table 8 and T is the

temperature (K). The difference in calculated heat capacity values for the maximum and

minimum measured jacket water temperatures, for all experiments conducted, equated to

approximately 0.1 %. Heat capacity was therefore assumed to remain relatively constant

and calculated with the use of the measured inlet temperature. A constant density of

water of 1 kg·l-1 was assumed. Assumptions were true for all heat related calculations

throughout the study. Calculated values are as summarised in Table 7.Heat removed by

the cooling water was calculated to be 0.19 kW, 0.52 kW and 0.62 kW for each of the

selected speeds. System temperature was observed to increase with an increase in the

rotational speed. This was expected due to an increase in kinetic energy, friction and

grinding activity. The changes in temperature may influence raw material solubility as

well as increase the rate of conversion of raw materials to reaction products.
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Q̇ = ṁCp∆T (8)

Cp(liquid) = C1 + C2T + C3T
2 + C4T

3 + C5T
4 (9)

Table 7: Summary of calculated parameters associated with the heat removed by jacket water with a change in rotational speed. Samples were
synthesised at a jacket water inlet temperature of approximately 30 °C

Speed [rpm] T1 [K] T2 [K] Molar Flow [kmol·h-1] Cp [J·kmol-1·K-1] Cp [kJ·kmol-1·K-1] Q [kJ·h-1] Q [kJ·s-1]

1000 303.73 304.04 28.89 75308.45 75.31 674.46 0.18

2000 302.98 303.84 28.96 75316.94 75.32 1875.71 0.52

3000 303.79 304.81 29.09 75307.79 75.31 2234.39 0.62

Table 8: Heat capacity constants as described by (Perry & Green, 2008)

Constant Numeric Value

C1 276370

C2 -2090.1

C3 8.125

C4 -0.014116

C5 9.3701E-06
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Table 9: Average temperature and flowrate measurements obtained for Mg-Al LDH samples
synthesised with a change in rotational speed, at a cooling water inlet temperature
of 30 °C.

Rotational Speed [rpm] Flow rate [L·h-1] Inlet [°C] Outlet [°C] Reactor [°C]

1000 520.01 30.58 30.89 31.17

2000 521.25 29.83 30.69 33.07

3000 523.59 30.64 31.66 37.49

Figure 22: XRD spectra for Mg-Al LDH samples synthesised at a cooling water inlet temper-
ature of 30 °C, with a change in rotational speed.

FT-IR analysis Figure 23 depicts the FT-IR spectra for each of the selected rotational

speeds. Minor differences were observed between samples synthesised with a change in

rotational speed. Peaks were observed between 3300 cm-1 and 3700 cm-1. These could

be attributed to bonded and free -OH within each sample (Nicolet, 2019). This was ex-

pected as the samples were a mixture of oxides, hydroxides and possibly minor quantities

of LDH. Carbonate contamination was observed with sharp peaks at 1366 cm-1. This is

possibly indicative of the CO3
2- v3 antisymmetric vibrations (Labuschagne et al., 2015)

commonly identified within LDH structures. Atmospheric carbonate contamination was

expected as synthesis, as well as drying, was conducted under atmospheric conditions.

The peaks observed at 1099 cm-1 could be attributed to a Si-O interaction (Socrates,

2001) (Nicolet, 2019) as a result of SiO2 present within the starting MgO. The peaks

observed at 1020 cm-1 could further corroborate carbonate present within the sample

(Socrates, 2001). Peak intensity was observed to decrease with an increase in the rota-

tional speed. Peak intensity is indicitive of the amount of a specific bonds present within
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the sample (Harding, 2019). A possible suggestion for the observed increase in transmit-

tance (decrease in peak intensity) could be that an increase in rotational speed results in

an increase in the degree of amorphitisation aswell as the destruction of chemical bonds.

Figure 23: FT-IR spectra for Mg-Al LDH samples synthesised at a cooling water inlet tem-
perature of 30 °C, with a change in rotational speed.

XRF analysis Table A.31 depicts the mass composition of each sample obtained at a

selected rotational speed. Degradation of the milling media and chamber was observed

to occur with an increase in the operational speed. The chemical composition of any

LDH samples within the system could not be estimated through XRF analysis due to the

presence of amorphous material.

Impurities within the mill could be a result of various differing factors such as mill degra-

dation, bead degradation and the retention of chemical compounds from any previous

run conducted. Although washing of the mill was conducted after each experimental run,

it was deemed impossible to ensure that no additional chemical impurities were retained

after each run, without excessive stripping of the milling chamber and components. Cross

contamination was therefore possible for each run conducted throughout this study. Mass

percentages obtained coincide with the selected M2+:M3+ ratio of 2:1.

It was observed that the impurities such as Fe2O3, Cr2O3, NiO, ZrO2, MoO3 and Y2O3

were present within each sample. This was expected as sample discolouration increased

from a light to a dark grey. The estimated error for impurities should be taken into con-

sideration when attempting to identify trends within the system ith regards to impurities.

LDH formation results in the presence of crystal water as well as OH- anions within the

interlayer. This is lost upon ignition forming part of the LOI value. The overall amount
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of volatiles (OH groups) within the system could increase upon the formation of LDH

(Mg4Al2(OH)12CO3·4H2O and Mg4Al2(OH)14·XH2O ), when compared to the starting

MgO and Al(OH)3 mixture.

Particle Size analysis Particle size analysis was conducted at the end of each of the

experimental runs to determine whether a change in the milling speed would have a

drastic effect on the measured D90, D50 and D10 values obtained. Table 10 summarises

the particle sizes obtained after 1 h of milling for a change in rotational speed. Similarly

the distributions obtained are indicated in Figure 24. The distribution was observed to

be bi-modal, with primary modes between 1 µm and 10 µm and a smaller secondary

mode between 0.1 µm and 1 µm. Bi-modal distributions could indicate the existence

of two distinct populations that result from a different source (Bunte & Abt, 2001). It

was hypothesised that the formation of minor quantities of LDH could contribute to the

phenomenom observed. This is corroborated by the results obtained in Section 6.1.5.

Raw materials exhibited a multimodal distribution with dominant mode between 1 µm

and 10 µm, which should be true for all samples throughout the study. Although synthesis

conditions differ between experimental sets, the formation of LDH was observibly clear

at elevated temperatures and retention times. The particle size distribution was observed

to change from a bi-modal distribution, with a primary mode between 1 µm and 10 µm

to that with a primary mode between 0.1 µm and 1 µm. This was noted to coincide with

changes observed in XRD patterns depicted in Figure 40. Although LDH synthesis was

unclear for the relevant samples as seen by XRD patterns in Figure 22, the presence of

amorphous precursor or minor quantities of poorly crystalline LDH could contribute to

the relevant distributions. No obvious trends were observed, other than minor differences

in the bi-modal distributions obtained.

It should be noted that greater rotational speeds resulted in an increase in the concen-

tration of Fe2O3 and ZrO2 contaminants within the system. This is evident by the XRF

results depicted in Table A.31. This supports the notion that more grinding action is

present when increasing the operational speed. The increase in contaminants present

could influence the particle size distributions obtained and could therefore contribute in

the discrepancies observed.

It could further be true that the with an increase in rotational speed, results an increase

in reactor temperature as seen by Table 9, resulting in possible particle growth. The

larger particle sizes for a speed 1000 rpm could also be the result of agglomeration, as

observed by the agglomeration tail present in Figure 24. Reaction schemes, although not

clear in the XRD spectra obtained in Figure 22, could further contribute to discrepancies

observed as a result of the formation of new chemical species.

79



Table 10: Particle size measured for Mg-Al samples synthesised at a cooling water inlet tem-
perature of 30 °C, with a change in rotational speed

Rotational speed [rpm] D10 [µm] D50 [µm] D90 [µm]

1000 0.924 3.84 8.63

2000 0.962 3.39 6.21

3000 1.99 4.12 7.33

Figure 24: Particle size distribution for Mg-Al LDH samples synthesised at a cooling water
inlet temperature of 30 °C, with a change in rotational speed.

6.1.2 Retention time

The XRD spectra for samples synthesised with a change in retention time, at a cool-

ing water inlet temperature of 30 °C and rotational speed of 2000 rpm, is depicted in

Figure 25. Key observations made were as follows:

1. The peak intensity of Al(OH)3 and MgO decreased with an increase in retention

time. The peak intensity of Al(OH)3 was further observed to decrease at a greater

rate than that of MgO, with no Mg(OH)2 peaks observed. This likely attributed

to the reactivity of the MgO as described in Section 6.1.1.

The increase in retention time increases the amount of particle-particle and particle-

media collisions that occur (Ranu & Stolle, 2015), increasing the amount of reactive

sites available. The decrease in peak intensity for both raw materials could therefore

further be a result of conversion to amorphous mixed metal hydroxides/oxides, a

amorphous LDH precursor or minor quantities of LDH within the sample.
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2. The SiO2 peaks were found to decrease with an increase in retention time. This

could once-again be due to an increase in the degree of amorphitisation. Extended

perods of milling activity result in an increase in the amount of collisions that

occur within the chamber (Ranu & Stolle, 2015), reducing the crystallinity of the

SiO2. The rate of amorphitisation for each of the individual raw materials could

once-again be influenced by their physical properties, as described in Section 6.1.1.

3. A decreasing trend in the primary LDH peak intensity was observed with an increase

in retention time. Minor peaks were present at retention times of 1 h and 2 h of

milling activity at 2θ values of 13.50° and 13.54° respectively. No clear LDH peak

was observed after a retention time of 3 h. This is likely due to an increase in the

degree of amorphitisation or possible destruction of the LDH structure. This is

corroborated by the reduction in peak intensity of the inert SiO2.

4. A CaCO3 peak was identified to be present after 3 h of milling. This is likely due

to contamination within the milling chamber. The milling process was observed to

be ’dirty’, with limitations associated with the cleaning of the milling chamber and

components.

Temperature and flowrate measurements associated with each experimental run is de-

picted in Table 11. The energy transferred to the cooling water was calculated as de-

scribed in Section 6.1.1, using Equations 8 and 9, to be 0.38 kW, 0.44 kW and 0.46 kW

for retention times of 1 h, 2 h and 3 h respectively. Calculated values associated with

heat removed from the system is as summarised in Table 12.

Table 11: Average temperature and flowrate measurements obtained for Mg-Al LDH samples
synthesised with a change in retention time, at a cooling water inlet temperature of
30 °C.

Retention Time [h] Flow rate [L·s-1] Inlet [°C] Outlet [°C] Reactor [°C]

1 521.73 29.30 29.93 31.79

2 518.33 29.16 29.89 32.14

3 519.32 29.05 29.82 32.25
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Table 12: Summary of calculated parameters associated with the heat removed by jacket water for a change in retention time. Samples were
synthesised at a jacket water inlet temperature of approximately 30 °C

Time [h] T1 [K] T2 [K] Molar Flow [kmol·h-1] Cp [J·kmol-1·K-1] Cp [kJ·kmol-1·K-1] Q [kJ·h-1] Q [kJ·s-1]

1 302.45 303.08 28.99 75323.25 75.32 1374.44 0.38

2 302.31 303.04 28.80 75324.96 75.32 1583.42 0.44

3 302.20 302.97 28.85 75326.32 75.33 1673.43 0.46

Figure 25: XRD spectra for Mg-Al LDH samples synthesised for retention times of 1 h, 2 h and 3 h, at a cooling water inlet of temperature 30°C
and a rotational speed of 2000 rpm.
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FT-IR analysis Figure 26 depicts the FT-IR spectra for each sample with a change

in retention time. The spectra were observed to be similar to those with a change in

rotational speed. The percentage transmittance was observed to increase (peak intensity

decreased) with an increase in the retention time for the overall spectra. This could once-

again be due to the possible destruction of chemical bonds, as described in Section 6.1.1,

with an increase in retention time. Peaks observed between 3300 cm-1 and 3700 cm-1

are likely due to bonded and free -OH within the sample (Nicolet, 2019). Carbonate

interactions were visible with peaks at approximately 1366 cm-1 for all samples obtained

(Dudeka et al., 2012) (Labuschagne et al., 2015). The Si-O interaction was once-again

noted with a peak around 1099 cm-1.

Figure 26: FT-IR spectra for Mg-Al LDH samples synthesised for retention times of 1 h, 2 h
and 3 h, at a cooling water inlet of temperature 30°C and a rotational speed of
2000 rpm.

XRF analysis An increase in retention time implies an increase in milling activity with

time (Ranu & Stolle, 2015). This was therefore expected to result in an increase in the

concentration of impurities associated with both mill degradation and trapped chemical

species. Sample discolouration was observed from a light grey to that of a dark metallic

grey with an increase in residence time.

Data obtained through XRF analysis for a change in retention time is depicted in Table

A.32. The concentrations for impurities associated with bead and mill degradation such

as Fe2O3, Cr2O3, ZrO2, MoO3 and Y2O3 were once again noted to be present for each

sample. This was expected as increased retention time results in an increase in the amount

of grinding activity, therefore a further increase in the amount of degradation.
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Particle Size analysis Figure 27 depicts the change in particle size with time. The

D90, D50 and D10 values of the original MgO and Al(OH)3 mixture were measured to be

17.20 µm, 7.10 µm and 1.96 µm respectively. It was noted that the D50 and D10 values

seemingly plateaued after approximately 40 min of milling activity, below 3 µm and

0.80 µm respectively. Comparatively the D90 value remained relatively constant, below

a value of 5 µm, after 50 min of milling with little change observed for the remainder of

the experimental run. The final numerical values obtained after 3 h of milling for the

relevant D90, D50 and D10 were 4.48 µm, 2.51 µm and 0.757 µm.

The particle size distribution with time for 3 h of milling activity is depicted in Figure

28. The raw material distribution was observed to be multimodal, with a dominant

mode between 1 µm and 10µm. Raw materials were added to the milling chamber as dry

powders. They were then dispersed for 60 s at the selected synthesis conditions before a

sample was taken. The mode located between 10 µm and 100 µm was likely the result

of agglomeration. Comparatively, the minor mode between 0.1 µm and 1 µm appears to

have just started to develop. This mode continues to develop with time, however seems to

slow down after 30 min of milling activity. As described in Section 6.1.1, this fine particle

distribution could be the result of LDH formation within the system. Little change was

observed in the shape of the bi-modal distribution after 40 min with the exception of

minor agglomeration tails between 10 µm and 100 µm. Agglomerates could result from

the collected sample being stagnant for a short time period. The distributions became

more narrow and sharp with an increase in milling time. This was expected as particle

size reduction was noted to occur in Figure 27. It is further possible for the presence of

contaminants such as Fe2O3 and ZrO2 to influence the particle size distributions obtained.

Figure 27: The change in particle size with time for Mg-Al LDH samples synthesised at a
cooling water inlet temperature of 30 °C, with a change in retention time.
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Figure 28: Particle size distribution for Mg-Al LDH samples synthesised at a cooling water
inlet temperature of 30 °C, with a change in retention time.

SEM imaging SEM imaging, depicted in Figures 29, 30 and 31, was conducted to

provide insight on the change in morphology of the sample with a change in retention

time. It was noted that the samples became increasingly more amorphous with an increase

in the retention time. This is supported by the loss of structure, i.e softening of edges,

of the particles with time.

Figure 29: SEM imaging of Mg-Al LDH sample after 1 h of milling at a cooling water inlet
temperature of 30 °C and rotational speed of 2000 rpm.
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Figure 30: SEM imaging of Mg-Al LDH sample after 2 h of milling at a cooling water inlet
temperature of 30 °C and rotational speed of 2000 rpm.

Figure 31: SEM imaging of Mg-Al LDH sample after 3 h of milling at a cooling water inlet
temperature of 30 °C and rotational speed of 2000 rpm.

6.1.3 Solids loading

XRD analysis Figure 32 depicts the XRD spectra for samples synthesised at solids

loadings of 10 %, 20 % and 30 %, at a cooling water inlet temperature of 30 °C and

operational speed of 2000 rpm. The primary observations were as follows:

1. The SiO2 peaks were found to be smallest for a 10 % solids loading, with little

difference observed between samples synthesised at a 20 % and 30 % loading. This

could be due to the change in solids loading directly influencing the volume of solids

within the vessel. Higher solids loading’s could result in a greater amount of solid-

solid interaction and collisions. Similarly too high a solids loading could result in no
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movement and therefore no transfer of kinetic energy (Ranu & Stolle, 2015). The

grinding action therefore decreases with an increase in the solids loading. Figure 33

depicts a photograph of the sample for a solids loading of 30 %. The slurry was

observed to be thick and viscous supporting the notion that grinding efficiency

reduces if the solids loading is too great. The implied trend, although not obvious

here, would be that the grinding efficiency passes through a maximum, after which

grinding activity reduces drastically.

2. No obvious trend was observed for MgO peaks present within the sample. The

peaks associated with Al(OH)3 was lowest for a loading of 10 % and and greatest

for that of 20 %. Little change in the MgO could be attributed to its reactivity, as

well as a decrease in the grinding efficiency with an increase in solids loading. This

could be further be true for the differences observed in peak intensity of Al(OH)3,

with grinding of the raw material being greatest at the lower solids loading (10 %).

3. Minor LDH peaks were observed to be present for solids loadings of 20 % and 30 %

at 2θ values of 13.40° and 13.33° respectively. No obvious peak was observed for the

sample synthesised at a 10 % solids loading and no clear trend was evident. Due to

the possible decrease in grinding efficiency with an increase in solids loading, the

degree of amorphitisation and structural degradation could therefore be greater at

the lower solids loadings. This could result in amorphous LDH precursor material,

minor quantities of LDH, or an amorphous mixture of oxides and hydroxides present

within the sample that are not easily identifiable through XRD analysis. It should

be worth noting that the concentration of LDH in samples synthesised at higher

solids loadings could be higher than the 10 % sample due to a higher concentration

of raw materials available for reaction.

Average temperatures measured for each of the selected solids loading’s are summarised

in Table 13. Table 14 summarises the relevant calculated values associated with heat

removed by the jacket water. The total energy removed from the system through cooling

water was therefore calculated to be 0.37 kW and 0.36 kW for a loading of 20 % and

30 % respectively.

Table 13: Average temperature and flowrate measurements obtained for Mg-Al LDH samples
synthesised with a change in solids loading, at a cooling water inlet temperature of
30 °C.

Solids Loading [%] Flow rate [L·h-1] Inlet [°C] Outlet [°C] Reactor [°C]

10 521.25 29.83 30.69 33.07

20 520.52 29.74 30.35 33.05

30 527.62 30.35 30.94 33.47
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Table 14: Summary of calculated parameters associated with the heat removed by jacket water for a change in solids loading. Samples were
synthesised at a jacket water inlet temperature of approximately 30 °C.

Solids Loading [%] T1 [K] T2 [K] Molar Flow [kmol·h-1] Cp [J·kmol-1·K-1] Cp [kJ·kmol-1·K-1] Q [kJ·h-1] Q [kJ·s-1]

10 302.98 303.84 28.96 75316.94 75.32 1857.71 0.52
20 302.89 303.50 28.92 75317.99 75.32 1328.56 0.37
30 303.50 304.09 29.31 75311.00 75.31 1302.44 0.36

Figure 32: XRD spectra for Mg-Al LDH samples synthesised for solids loadings of 10 %,20 % and 30 %, at a cooling water inlet temperature of
30 °C at a rotational speed of 2000 rpm.
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Figure 33: Photograph of Mg-Al LDH sample slurry with 30 % solids loading, post milling.

FT-IR analysis Figure 34 depicts the FT-IR spectra for samples synthesised with a

change in solids loading. Differences between spectra were observed to be minor. As with

previous samples analysed, peaks between 3300 cm-1 to 3700 cm-1 could be attributed to

free and bonded -OH groups within the sample (Nicolet, 2019). This was expected as

the sample contained unreacted raw materials, and possibly amorphous hydroxides and

oxides. Similarly carbonate contamination was once again noted at 1366 cm-1 (Dudeka

et al., 2012) (Labuschagne et al., 2015).

Figure 34: FT-IR spectra for Mg-Al LDH samples synthesised for solids loadings of 10 %,20 %
and 30 %, for a cooling water inlet temperature of 30 °C at a rotational speed of
2000 rpm.
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Particle size analysis The change in particle size associated with an increase in the

solids loading is summarised in Table 15, similarly the change in distribution is depicted

in Figure 35. A dominant mode was observed for eeach sample between 1 µm and

10 µm. A smaller mode was observed to occure between 0.1 µm and 1 µm and likely

the result of LDH within the samples. Samples synthesised with a 20 % and 30 % solids

loading depicted small modes between 10 µm and 100 µm, skewing the distributions and

particle sizes obtained. These were likely the result of agglomerate formation and high

sample viscosities. It is further possible that insufficient particle dispersion occured due

to restricted movement within the milling chamber. Trends associated with the relevant

D90, D50 and D10 and distributions were therefore unclear. Particle size reduction could

however be influenced by the increase in solids loading due to the decrease in grinding

activity. This would result in little to no miling activity and therefore no drastic decrease

in particle size. The particle size was observed to be smallest at a solids loading of 10 %

and could be due to increased mobility and grinding efficiency.

Table 15: Particle size measured for Mg-Al samples synthesised at a cooling water inlet tem-
perature of 30 °C, with a change in solids loading

Solids Loading [%] D10 [µm] D50 [µm] D90 [µm]

10 0.962 3.39 6.21

20 1.44 4.34 12.8

30 1.15 4.19 9.56

Figure 35: Particle size distribution for Mg-Al LDH samples synthesised for solids loadings of
10 %,20 % and 30 %, at a cooling water inlet temperature of 30 °C and a rotational
speed of 2000 rpm
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XRF analysis Table A.33 depicts the mass composition of samples obtained at differ-

ent solids loadings. Concentrations of impurities associated with mill and bead degrada-

tion were expected to exhibited a decreasing trend with an increase in the solids loading.

This could be due to a decrease in milling activity as movement of the media becomes

restricted with an increase in the viscosity of the slurry. The impurities P2O5, MnO and

K2O. were likely attributed to retained chemical species within the milling chamber.

6.1.4 Bead Size

XRD analysis The XRD spectra for the Mg-Al LDH sample synthesised with a bead

size of 0.25 mm, at a cooling water inlet temperature of 30 °C and rotational speed of

2000 rpm, is depicted in Figure 36. This was plotted along side that of a Mg-Al LDH

sample synthesised at the same conditions, however making use of the 2 mm beads. Key

observations were as follows:

1. Little difference was observed when comparing peak intensities associated with

Al(OH)3 for the selected media sizes. Comparatively the peak intensity for MgO

decreased with a decrease in the media size.

The volume of the bead loading was kept constant at approximately 60 % by volume,

with masses of 2.57 kg and 2.52 kg measured for the 2 mm and 0.25 mm beads,

respectively. Masses were observed to be similar with 2 mm beads having a greater

mass than that of the 0.25 mm beads. The energy (stress energy) transferred to

the mixed oxide-hydroxide slurry is proportional to the impact energy and the

collision frequency. For a constant media mass the collision frequency and number

of stress events is directly proportional to the number of grinding bodies and inversly

proportional to their size. The probability for collisions therefore increases with a

decrease in the media size (Ranu & Stolle, 2015). The reactive surface area would

therefore have increased with a decrease in particle and bead size. The hydration

of MgO to Mg(OH)2 would therefore occur more readily. This would then further

result in LDH formation as seen by a minor LDH peak observed at a 2 θ value of

13.51°. No obvious peak was present for the sample synthesised using 2 mm beads.

Possible factors that could influence the change observed is the change in grinding

mechanism, mixing kinetics and solubility. More research should be conducted to

determine the effect these factors have on the LDH formation reaction mechanism.

An increase in the number of collisions could result in a
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greater degree of amorphitisation. This is supported by the decrease in SiO2 peak intensity observed.

Measured flowrates and temperatures for the system is as summarised in Table 17. The energy transferred was calculated to be 0.55 kW

for a bead size of 0.25 mm and 0.52 kW for a size of 2 mm. Calculated parameters associated with the heat removed through jacket water

is summarised in Table 16.

Table 16: Summary of calculated parameters associated with the heat removed by jacket water for a change in bead size. Samples were synthesised
at a jacket water inlet temperature of approximately 30 °C

Bead Size [mm] T1 [K] T2 [K] Molar Flow [kmol·h-1] Cp [J·kmol-1·K-1] Cp [kJ·kmol-1·K-1] Q [kJ·h-1] Q [kJ·s-1]

0.25 303.88 304.78 29.34 75306.81 75.31 1988.55 0.55

2.00 302.98 303.84 28.96 75316.94 75.32 1857.71 0.52

Table 17: Average temperature and flowrate measurements obtained for Mg-Al LDH samples synthesised with a change in bead size, at a cooling
water inlet temperature of 30 °C.

Bead size [mm] Flowrate [L·s-1] Inlet [°C] Outlet [°C] Reactor [°C]

0.25 528.12 30.73 31.63 32.23

2.00 521.25 29.83 30.69 33.07
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Figure 36: XRD spectra for Mg-Al LDH synthesised with a bead size of 0.25 mm, at a cooling
water inlet temperature of 30 °C and rotational speed of 2000 rpm.

FT-IR analysis Figure 37 depicts the FT-IR spectra for samples synthesised with a

change in media size. Both samples exhibited similar spectra. Peaks associated with

free and bonded -OH stretching vibrations were once-again prevalent between 3300 cm-1

to 3700 cm-1 (Nicolet, 2019) (Tongamp, Zhang & Saito, 2007). It was noted that

these peaks were broader, with a lower transmittance, for the sample synthesised us-

ing 0.25 mm beads. As could be seen by the XRD spectra, LDH peaks were more clearly

identifiable than with that of the sample synthesised with 2 mm beads. The presence

of LDH (Tongamp, Zhang & Saito, 2007) could have resulted in the discrepencies ob-

served. Similarly carbonate contamination was once-again observed and to be expected

at peaks around 1366 cm-1 (Dudeka et al., 2012) (Labuschagne et al., 2015) and 1020 cm-1

(Socrates, 2001) for both samples.

Particle size analysis The change in particle size with time is depicted in Figure 38.

Prior to milling the D90, D50 and D10 values of the solids mixture was measured to be

18.40 µm, 7.95 µm and 2.44 µm. Particle size degradation occured steadily with time

reaching final values of 5.91 µm, 2.84 µm and 0.724 µm after 60 min of milling activity.

This was observed to be smaller than final particle size measurements for the sample

synthesised making use of 2 mm beads, with values measured at 6.21 µm, 3.39 µm and

0.962 µm. A decrease in media size should result in the decrease in steady-state average

particle size (Williams et al., 2012) and would corroborate the differences observed.

The particle size distribution with a change in time is as depicted in Figure 39. A bi-modal

distribution was observed to form after 10 min of milling activity, with raw materials
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exhibiting a predominantly uni-modal distribution. A minor mode between 0.1 µm and

1 µm exists after raw materials were dispersed for 60 s within the milling chamber.

The reduction in size from 2 mm to 0.25 mm results in an increase in the quantity of

milling beads and therefore a substantial increase in the number of stress events within

a set volume (Netzsch, 2009). This should subsiquently result in an increase in reactive

surface area, ultimately resulting an in an increase in conversion of raw materials to

reaction products. XRD analysis depicted in Figure 36 indicates that LDH synthesis was

more prominant for samples synthesised with the use of a smaller media size. This would

corroborate the notion that the formation of modes between 0.1 µm and 1 µm are the

likely result of LDH formation as described in Section 6.1.1. It was further worth noting

that the particle size measurements depicted in Figure 27 were similar to those depicted

for a change in media size. Coupled with the formation of new chemical species, the

presence of minor agglomeration tails make it difficult to determine the isolated effect of

0.25 mm beads on final particle size.

Figure 37: FT-IR spectra for Mg-Al LDH synthesised with a bead size of 0.25 mm, at a cooling
water inlet temperature of 30 °C and rotational speed of 2000 rpm.
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Figure 38: The change in particle size with time for Mg-Al LDH sample synthesised with a
bead size of 0.25 mm, at a cooling water inlet temperature of 30 °C and rotational
speed of 2000 rpm.

Figure 39: Particle size distribution for Mg-Al LDH sample synthesised with a bead size of
0.25 mm, at a cooling water inlet temperature of 30 °C, at a rotational speed of
2000 rpm.

XRF analysis The XRF data for the Mg-Al LDH sample synthesised with a bead size

of 0.25 mm is summarised in Table A.34. The calculated M2+:M3+ ratio was determined

to be 2.00:1.1 which coincides with the masses depicted in Section 5.2.

Bead and Mill degradation could once again be the result of impurities such as Fe2O3,

Cr2O3, NiO, ZrO2, Y2O3 and MoO3. Other impurities present could further be attributed
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to the retention of unwanted chemical species within the system as well as impurities

within the selected raw materials. It was further noted that the recorded LOI value was

approximately 32.71. Comparitively that of S2 was observed to lower at 22.33. This

could once again be attributed to the quanitity of LDH present within the sample, with

a more prominant LDH XRD spectra observed for the sample synthesised with the use

of 0.25 mm beads.

6.1.5 Cooling water inlet temperature

The cooling water inlet temperature was varied, from 30 °C to that of 50 °C, for a

change in retention time, at a set rotational speed of 2000 rpm. Similarly the increase in

temperature was applied to a change in the rotational speed, for a set time of 1 h.

Retention time

XRD analysis The XRD spectra for samples synthesised with a change in retention

time, at cooling water inlet temperature of 50 °C, is depicted in Figure 40. The primary

observations made were as follows:

1. The peak intensity for MgO and Al(OH)3 decreased with an increase in retention

time. The decreasing trend was observed to be more drastic than for samples syn-

thesised at a cooling water inlet temperature of 30 °C. Higher reactor temperatures

result in an increase in the rate of reaction. The conversion of raw materials to

LDH product would therefore occur more rapidly than with samples synthesised at

lower temperatures. A study conducted by (Rocha et al., 2004) has indicated that

higher temperatures for caustic MgO result in higher hydration rates, thus reach-

ing equilibrium faster. The degree of supersaturation decreases with an increase

in temperature. Once supersaturation has occured Mg(OH)2 would precipitate at

the surface of the MgO particle (Rocha et al., 2004). Hydration therefore becomes

difficult due to the formation of a Mg(OH)2 layer on the surface of the MgO par-

ticle, preventing further dissolution. This does however not include the addition

of mechanical energy other than stirring. The grinding activity provided with the

addition of milling media could result in the removal of the outer layer of Mg(OH)2.

This would expose the hidden MgO surface to allow for further reaction to Mg(OH)2

and eventually LDH. This would also be true for experiments conducted at lower

temperatures, however the rate of hydration is slow (Rocha et al., 2004), leading to

low conversion despite continuous exposure of the MgO surface.
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It could be possible that upon formation the Mg(OH)2 immediately reacts to form

the LDH phase. This could further explain the lack of Mg(OH)2 peaks observed.

2. Broad primary LDH peaks were present for all samples synthesised at a jacket water

inlet temperature of 50 °C. The peak intensity was observed to be greatest, at a 2θ

value of 13.80°, after 3 h of milling activity. The XRD spectra was observed to be

more prominent than with samples synthesised at a cooling water inlet temperature

of 30 °C. Longer retention times allow for an increase in the overall amount of

collisions and therefore the amount of reactive sites. This would therefore result in

an increase in the conversion of raw materials to LDH product. This is supported

by the observed decrease in raw material peaks with an increase in retention time.

The rate of LDH formation would be greater due to the elevated temperature.

Furthermore studies associated with conventional synthesis methods have indicated

that higher temperatures favor LDH formation (Rives, 2001). This would support

the observed differences between samples synthesised at a greater jacket water inlet

temperature and those at a lower temperature. A decrease in SiO2 was observed

Figure 40: XRD spectra for Mg-Al LDH samples synthesised for retention times of 1 h, 2 h
and 3 h, at a cooling water inlet of temperature 50°C and a rotational speed of
2000 rpm.
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with an increase in milling time. This could once again be due to the increase in amorphitisation as described in Section 6.1.2.

Average temperature and flowrate measurements are summarised in Table 19. The calculated energy transferred to the jacket water was

approximately 0.073 kW, 0.17 kW and 0.18 kW for retention times of 1 h, 2 h and 3 h respectively. Calculated parameters associated

with heat transfer to the jacket water are summarised in Table 18.

Table 18: Summary of calculated parameters associated with the heat removed by jacket water with a change in retention time. Samples were
synthesised at a jacket water inlet temperature of 50 °C

Retention Time [h] T1 [K] T2 [K] Molar Flow [kmol·h-1] Cp [J·kmol-1·K-1] Cp [kJ·kmol-1·K-1] Q [kJ·h-1] Q [kJ·s-1]

1 324.75 324.87 28.98 75252.48 75.25 261.68 0.073

2 324.84 325.13 29.03 75252.89 75.25 633.49 0.17

3 324.88 325.18 29.05 75253.08 75.25 655.81 0.18

Table 19: Average temperature and flowrate measurements obtained for Mg-Al LDH samples synthesised with a change in retention time, at a
cooling water inlet temperature of 50 °C.

Retention Time [h] Flow rate [L·h] Inlet [°C] Outlet [°C] Reactor [°C]

1 521.60 51.60 51.72 52.26

2 522.51 51.69 51.98 52.76

3 522.89 51.73 52.03 52.91

98



FT-IR analysis Figure 41 depicts the FT-IR spectra for Mg-Al LDH samples synthe-

sised with a change in retention time, at a cooling water inlet temperature of 50 °C. An

increase in retention time at an elevated temperature resulted in clear LDH formation

as could be seen by XRD spectra in Figure 40. The increase in conversion could be

seen with the change in FT-IR spectra observed. Peaks located between 3300 cm-1 and

3700 cm-1, typically associated with free and bonded -OH, became broader with an in-

crease in retention time. This could be due to a decrease in free -OH within the sample as

a result of the increase in conversion of raw materials (Al(OH)3 and MgO) to LDH. This

could therefore be the result of water within the LDH stucture containing strong -OH

bonds (Tongamp, Zhang & Saito, 2007). Similarly the peak at approximately 1366 cm-1

decreased in percentage transmittance (increased in intensity) with an increase in the

retention time. This is likely due to an increase in carbonate interactions (CO3
2- v3 anti-

symmetric vibrations) (Dudeka et al., 2012) (Labuschagne et al., 2015) within the sample

and LDH. The consistent peak observed at 1100 cm-1 could once again be due to the Si-O

interaction from the selected MgO (Socrates, 2001). The FT-IR spectra obtained after

3 h of milling resembled that of Mg-Al LDH mechanochemically synthesised with the use

of Mg(OH)2 and Al(OH)3 (Tongamp, Zhang & Saito, 2007).

Figure 41: FT-IR spectra for Mg-Al LDH samples synthesised for retention times of 1 h, 2 h
and 3 h, at a cooling water inlet of temperature 50°C and a rotational speed of
2000 rpm.

Particle size analysis The change in particle size with time for Mg-Al LDH synthe-

sised with a change in retention time, at a jacket water inlet temperature of 50 °C, is

depicted in Figure 42. The D90, D50 and D10 values for the original raw material mixture

was measured to be 17.3 µm , 6.89 µm and 1.81 µm respectively. It was noted that the D10

values plateaued to below 0.6 µm only after 60 min of milling. Slight fluctuations were
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observed for the D50 values present, however remained relatively consistent after 60 min

of milling, below a particle size of 2 µm. Comparatively the D90 values stabilised after a

retention time of approximately 60 min, below a value of 4 µm. The final D90, D50 and

D10 values measured after 3 h of milling were 3.41 µm, 1.18 µm and 0.52 µm respectively.

The distribution associated with samples synthesised at 50 °C exhibited fluctuations, with

a formation and change in the size of the bi-modal distribution. Raw materials exhibited

a dominant mode between 1 µm and 10 µm with minor modes between 0.1 µm and 1 µm,

and 10 µm and 100 µm. The mode between 0.1 µm and 1 µm increased in size with an

increase in retention time. This was observed to correlate with the formation of LDH as

could be seen in Figure 40. Agglomeration tails were further observed to be consistently

present. The particle size distribution present within the system is directly influenced by

the formation and types of compounds present. The distributions depicted in Figure 28

varied drastically from that observed in Figure 43. The reaction rate associated with

LDH formation could be lower at 30 °C, therefore the change in particle size with time

would be less drastic due to a lower conversion within the selected time intervals. It is

possible that the mode located between 1 µm and 10 µm represent the unreacted raw

materials present within the sample (population 1), decreasing with size as a result of

converting to LDH (population 2). Conversion was incomplete after 3 h of milling activ-

ity. It is unclear if the bi-modal distribution would eventually converge into a uni-modal

distribution located between 0.1 µm and 1 µm.

Figure 42: The change in particle size with time for Mg-Al LDH samples synthesised at a
cooling water inlet temperature of 50 °C, with a change in retention time.
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Figure 43: Particle size distribution for Mg-Al LDH samples synthesised at a cooling water
inlet temperature of 50 °C, with a change in retention time.

XRF analysis Table A.35 depicts the mass composition of all samples synthesised, with

a change in retention time, at a jacket water inlet of 50 °C. Impurities attributed to mill

degradation, such as Fe2O3, Cr2O3, ZrO2, MoO3 and Y2O3 were once again present. This

was expected as sample discolouration from a light grey to a dark metallic grey occured

with an increase in residence time. Minor differences were observed when compared to

data obtained for samples synthesised at a cooling water inlet of 30 °C.

SEM imaging Figures 44, 45 and 46 depict the SEM imaging for samples synthesised

at a cooling water inlet temperature of 50 °C. The morphology of the sample seems to

change drastically with an increase in retention time. The presence of small platelet-like

structures increases with an increase in the retention time. These platelets were observed

to be absent for samples synthesised at 30 °C and could possibly be the formation of LDH

platelets as supported by the XRD spectra in Figure 40.
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Figure 44: SEM imaging of Mg-Al LDH sample after 1 h of milling at a cooling water inlet
temperature of 50 °C and rotational speed of 2000 rpm.

Figure 45: SEM imaging of Mg-Al LDH sample after 2 h of milling at a cooling water inlet
temperature of 50 °C and rotational speed of 2000 rpm.

Figure 46: SEM imaging of Mg-Al LDH sample after 3 h of milling at a cooling water inlet
temperature of 50 °C and rotational speed of 2000 rpm.
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Rotational speed

XRD analysis In attempt to determine the influence of temperature during the milling

process, the cooling water inlet temperature was increased from 30 °C to approximately

50 degree C for each of the selected rotational speeds. The XRD spectra for the obtained

samples are depicted in Figure 47. The primary observations were as follows:

1. The MgO and Al(OH)3 peaks decreased with an increase in rotational speed. The

peak reduction associated with Al(OH)3 was more drastic than that of MgO. The

overall decrease in peak intensity for the selected raw materials was found to be

slightly greater than those synthesised at lower temperatures. The slight change

could once-again be attributed to the influence of temperature on the rate of reac-

tion and hydration as described in Section 6.1.5. Despite the increase in temperature

and change in kinetic energy, the difference observed from samples synthesised at

lower temperatures is small. The selected retention time of 1 h could therefore not

clearly demonstrate the affect temperature may have with a change in rotational

speed. Trends may therefore become more obvious with an increase in the retention

time as seen in Figure 40.

2. The reduction in SiO2 peak intensity was found to be similar to that of samples

synthesised at lower temperatures, as seen in Section 6.1.1.

3. Minor primary LDH peaks were present, overall these peaks were more pronounced

than those observed for samples synthesised at a cooling water inlet temperature of

30 °C. The rate of LDH formation was expercted to be greater at higher tempera-

tures and could therefore explain the difference in peak intensity observed.

4. No noticeable trend was associated with the primary LDH peaks. This could be a

result of both the degree of amorphitisation and structural degradation, aswell as

the selected retention time being too short.

Average flowrates and temperatures are summarised in Table 21. The power input re-

mained the same as that described in Section 6.1.1. The total energy removed for each

of the selected rotational speeds was calculated to be 0.36 kW, 0.61 kW and 1.21 kW

respectively. Table 20 summarises the relevant parameters associated with the energy

transferred to the jacket water.
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Table 20: Summary of calculated parameters associated with the heat removed by jacket water with a change in rotational speed. Samples were
synthesised at jacket water temperatures of approximately 50 °C

Rotational Speed [rpm] T1 [K] T2 [K] Molar Flow [kmol·h-1] Cp [J·kmol-1·K-1] Cp [kJ·kmol-1·K-1] Q [kJ·h-1] Q [kJ·s-1]

1000 322.41 323.00 29.02 75243.33 75.24 1288.25 0.36

2000 323.72 324.73 29.07 75248.04 75.25 2209.29 0.61

3000 323.33 325.32 29.11 75246.52 75.25 4360.28 1.21

Table 21: Average temperature and flowrate measurements obtained for Mg-Al LDH samples synthesised with a change in rotational speed, at a
cooling water inlet temperature of 50 °C.

Rotational Speed [rpm] Flow rate [°C] Inlet [°C] Outlet [°C] Reactor []

1000 522.34 49.26 49.85 47.70

2000 523.25 50.57 51.58 48.28

3000 524.14 50.18 52.17 54.45
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Figure 47: XRD spectra for Mg-Al LDH samples synthesised at a cooling water inlet temper-
ature of 50 °C, with a change in a rotational speed.

FT-IR analysis Figure 48 depicts the FT-IR spectra for Mg-Al LDH samples synthe-

sised at a cooling water inlet temperature of 50 °C, with a change in rotational speed.

Little difference was observed between spectra obtained. Peaks that could be attributed

to free and bonded -OH were observed to be present between 3300 cm-1 and 3700 cm-1

(Nicolet, 2019). Similarly carbonate contamination was noted at a prominant peak ob-

served for all samples around 1366 cm-1 (Dudeka et al., 2012) (Labuschagne et al., 2015).

Little difference was observed for samples synthesised at 30 °C when compared to that

synthesised at 50 °C.

Figure 48: FT-IR spectra for Mg-Al LDH samples synthesised at a cooling water inlet tem-
perature of 50 °C, with a change in rotational speed.
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Particle size analysis Particle size analysis was conducted on the obtained samples to

determine whether a change in temperature would result in a change in the final particle

size distributions obtained. The measured D90, D50 and D10 values are as summarised in

Table 22. Similarly the distributions obtained are depicted in Figure 49. Little difference

was observed for the D50 and D10 values obtained for all three samples. This was further

true for the D90 values obtained for both samples synthesised at speeds of 2000 rpm and

3000 rpm. Comparatively the D90 value at 1000 rpm was observed to be greater at a

value of 9.45 µm. The distribution for the sample at 1000 rpm exhibits an agglomeration

tail, with a dominant bi-modal distribution present between a particle size of 10 µm to

0.1 µm. This could be the result of the discrepancies observed, however it should one

again be noted that lower rotational speeds result in an overall decrease in the kinetic

energy transferred to the particles and system. The degree of amorphitisation as well as

grinding activity would therefore decrease. The reduction in particle size would therefore

be less drastic than that of samples synthesised at greater speeds. Minor secondary

modes were once again observed between 0.1 µm and 1 µm and could be attributed to

the formation of LDH as described previously.

No obvious differences, apart from the D90 for the sample at 1000 rpm, were observed

for the particle sizes obtained when compared to that of samples synthesised at a cooling

water inlet temperature of 30 °C. This however does not conclude that temperature

has no effect, as factors such as contamination from mill degradation and the overall

reaction scheme influence the final particle sizes measured. Greater temperatures have

been proven to promote LDH synthesis as seen by the ageing experiments conducted

during the versatility study. The differences in reaction schemes could further be seen by

the differences in the LDH peak intensities observed between the XRD spectra depicted

in Figures 22 and 47.

Table 22: Particle size measured for samples S11, S12 and S13 at the end of a 1 h milling
period

Rotational speed [rpm] D10 [µm] D50 [µm] D90 [µm]

1000 0.734 2.62 9.45

2000 0.806 3.44 6.57

3000 0.805 3.42 6.78
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Figure 49: Particle size distribution for Mg-Al LDH samples at a cooling water inlet temper-
ature of 50 °C, with a change in rotational speed.

XRF analysis The mass composition for each sample, as obtained through XRF anal-

ysis, is depicted in Table A.36. Sample discolouration with an increase in rotational

speed was once again observed. Indicating that the concentration of milling and media

degradation contaminants increased. Impurities such as K2O, MnO and CuO were likely

due to retained chemical species within the milling chamber.

6.2 Versatility study

6.2.1 Mg-Al LDH

XRD analysis The XRD spectra for the Mg-Al LDH sample synthesised with a 2:1

M2+:M3+ ratio, before and after ageing, is depicted in Figure 50. The sample will be

reffered to as S16, as summarised in Table 5, for ease of reference. It was observed that

LDH peaks prior to ageing were difficult to identify, with MgO and Al(OH)3 peaks still

largely present. Ageing for 24 h at 80 °C resulted in a prominent LDH pattern with

diminished MgO and Al(OH)3 peaks.

Although LDH peaks were noted to be mostly absent before ageing, the presence of

an amorphous LDH precursor, small LDH crystallites or polymorphs within the sample

could have acted as a catalyst for further LDH formation during the ageing step. Higher

temperatures should increase the rate of LDH formation, ageing of the sample at the
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selected conditions would therefore have prompted further LDH formation and a greater

conversion of raw materials to product. This could be tested in future by agitating the

selected raw materials, with no milling activity, at 80 °C and analysing the sample for

the presence of LDH.

The primary and secondary LDH peaks observed for S16 after ageing correspond to 2θ

values of 13.49° and 27.22°. The d-spacing was therefore calculated from Equation 7 to

be 0.759 nm. This was found to be smaller than values obtained in literature involving

mechanochemical methods (0.781 nm) (Zhang et al., 2012). Lattice imperfections as a

result of mechanically induced amorphitisation could contribute to changes in d-spacing

values observed (Fahami, W Beall, et al., 2016). Basal spacing has been found to further

be influenced by factors such as the amount of water present and carbonate contamination

(Zhang et al., 2012). The addition of water has been known to decrease the degree

of supersaturation which could negatively impact morphology and crystallinity of the

synthesised LDHs. It has further been observed that the crystallinity of LDHs can pass

through a maximum, with lattice imperfections increasing with an increase in milling

time (Tongamp, Zhang & Saito, 2007).

MgO peaks were no longer visible after the selected ageing step, with a small Al(OH)3

peak still visible at a 2θ value of 21.22°. The rate of hydration for caustic MgO increases

drastically with an increase in temperature as seen in Figure 6. Milling was conducted

at a jacket water inlet temperature of 30 °C, whereas ageing as conducted at 80 °C. This

would corroborate the large MgO peaks present within the sample prior to ageing.

Comparatively the XRD spectra for the Mg-Al LDH sample synthesised using a 3:1

M2+:M3+ ratio, before and after ageing, is depicted in Figure 51. The sample was labelled

S17 for ease of reference.

LDH was observed to have formed more readily than S16, after 1 h of milling. LDH

synthesised with a 3:1 M2+:M3+ is considered to be the most stable form of LDH, as it

occurs in this state naturally (Forano et al., 2006). The reaction scheme was however

incomplete with raw material peaks clearly visible.

Ageing resulted in further conversion to LDH product, with a substantial decrease in

Al(OH)3 and MgO peak intensity. A minor peak for Al(OH)3 was still present after

ageing, with no clear MgO peak observed. The primary and secondary peaks for the

LDH formed prior to ageing were broad and corresponded to 2θ values of 13.37° and
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26.99° respectively. The d-spacing associated with this was calculated to be approximately 0.767 µm. A slight shift in the LDH spectra

was noted to have occurred after ageing, with a primary and secondary peak at 13.48°and 27.10°. This was found to correlate with a

d-spacing of 0.760 µm.

Average flowrate and temperature measurements are summarised in Table 24. The energy input to the system at 2000 rpm was measured

to be approximately 1.09 kW. Similarly the overall energy removed from the system for both samples S16 and S17 was estimated to be

0.52 kW and 0.37 kW respectively. Table 23 summarises the calculated parameters associated with the heat transferred to the jacket

water.

Table 23: Summary of calculated parameters associated with the heat removed by jacket water for Mg-Al samples synthesised with a change in
M2+:M3+ ratio.

M2+:M3+ T1 [K] T2 [K] Molar Flow [kmol·h-1] Cp [J·kmol-1·K-1] Cp [kJ·kmol-1·K-1] Q [kJ·h-1] Q [kJ·s-1]

2:1 302.98 303.84 28.96 75316.94 75.32 1857.71 0.52

3:1 303.75 304.36 29.20 75308.23 75.31 1341.59 0.37

Table 24: Average temperature and flowrate measurements obtained for Mg-Al LDH samples synthesised with a change in M2+:M3+ ratio.

M2+:M3+ Flow rate [L·h-1] Inlet [°C] Outlet [°C] Reactor [°C]

2:1 521.25 29.83 30.69 33.07

3:1 525.68 30.60 31.21 33.29
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Figure 50: XRD spectra for Mg-Al LDH sample, before and after ageing, synthesised using a
M2+:M3+ ratio of 2:1.

Figure 51: XRD spectra for Mg-Al LDH sample, before and after ageing, synthesised using a
M2+:M3+ ratio of 3:1.

FT-IR analysis The FT-IR spectra for S16 and S17 is depicted in Figure 52. Prior to

ageing peaks observed between 3500 cm-1-3700 cm-1 can be attributed to the stretching

vibrations of free -OH groups (Nicolet, 2019) (Tongamp, Zhang & Saito, 2007). Simi-

larly peaks located between 3250 cm-1-3600 cm-1, specifically those located at 3462 cm-1

(S16) and 3454 cm-1 (S17), are further attributed to bonded –OH groups (Nicolet, 2019)

(Tongamp, Zhang & Saito, 2007). Broadening of peaks could be due to water molecules

with -OH bonding (Tongamp, Zhang & Saito, 2007). Carbonate interactions (CO3
2- v3

vibrations) are present within the samples and is indicative of peaks located at 1367 cm-1
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(S16) and 1365 cm-1 (S17) (Tongamp, Zhang & Saito, 2007) (Nicolet, 2019). Ageing of

both S16 and S17 resulted in the intensification of these peaks. This could be the result

of carbonate contamination as the synthesis, filtering and ageing was conducted under

atmospheric conditions. A broad peak between 3250 cm-1 and 3700 cm-1 was observed

to form upon ageing. This could be assigned to the O-H stretching vibrations that occur

within layered brucite like structure of the LDH as well as water molecules within the

interlayer (F Zhang, N Du, Song & Hou, 2015).

Figure 52: FT-IR spectra for Mg-Al LDH sample, before and after ageing, synthesised using
a M2+:M3+ ratio of 2:1.

Figure 53: FT-IR spectra for Mg-Al LDH sample, before and after ageing, synthesised using
a M2+:M3+ ratio of 3:1.
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Particle size analysis The particle size distribution with a change in time for S16 is

as depicted in Figure 54. Prior to milling the numerical values for the D90, D50 and D10

of the MgO and Al(OH)3 mixture were 17.60 µm, 7.79 µm and 2.35 µm respectively. The

change associated with these values for 1 h of milling activity is indicated in Figure 55.

It was observed that after approximately 10 min of milling the D10 values stabilised at

approximately 1 µm. Comparatively the average particle size seemingly plateaued after

10 min of milling to below 4 µm. It was noted that the D90 values continued to follow

a decreasing trend for the entire 1 h milling period. The final numerical distribution for

the relevant D90, D50 and D10 were measured to be 6.21 µm , 3.39 µm and 0.962 µm

respectively.

Figure 54 exhibits little change in the shape of the bi-modal distribution after 30 min of

milling activity. The little change observed in the distributions could be an indication that

the conversion to LDH product is relatively low and that the primary action occurring

within the mill is particle size reduction. Ageing of the sample resulted in a drastic change

in the bi-modal distribution, having become broader. This could be attributed to the

conversion of the raw materials to LDH product. Particle formation as well as crystal

growth due to high temperatures, was expected to influence the distribution and overall

size. Particle agglomeration could further contribute to the observed changes, with final

D90, D50 and D10 values of 31.60 µm, 7.32 µm and 1.65 µm.

Figure 57 refers to the change in particle size with time for S17. The measured D90, D50

and D10 values of the original raw material mixture were 18.80 µm , 7.22 µm and 1.66 µm

respectively. This was noted to be larger than the distribution for S16 and was likely

a result of the difference in M2+ to M3+ ratio selected. After approximately 10 min of

milling activity the relevant D50 and D10 values stabilised to below 3 µm and 0.80 µm

respectively. The D90 particle size followed a decreasing trend to a final value of 4.94 µm.

The change in the particle size distribution with time is represented by Figure 56. It

was noted that the distribution varied to that of S16, with a more prominent secondary

node on the bi-modal distributions obtained. The changes observed could be a result

of metal ratio selected, as well as the conversion to of raw materials to LDH product.

The formation of LDH was observed to have occurred more readily for S17 as seen by

the XRD spectra depicted in Figure 51. The formation of new chemical compounds

could directly influence the particle size and shape obtained. It is however unclear when

LDH formation occurs during the 1 h milling period and can not be inferred from the

distribution obtained. Ageing of the sample resulted in a a broad tri-modal distribution.

This could once again be attributed to factors such as LDH product formation, particle

agglomeration and particle growth. The final D90, D50 and D10 values were measured

to be 50.20 µm, 9.65 µm and 1.47 µm. It was noted that inclusion of the ageing step
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resulted in a more viscous claylike slurry.

Figure 54: Particle size distribution with a change in time for Mg-Al LDH sample, before and
after ageing, synthesised using a M2+:M3+ ratio of 2:1.

Figure 55: The change in particle size with time for Mg-Al LDH sample, before and after
ageing, synthesised using a M2+:M3+ ratio of 2:1.
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Figure 56: Particle size distribution with a change in time for Mg-Al LDH sample, before and
after ageing, synthesised using a M2+:M3+ ratio of 3:1.

Figure 57: The change in particle size with time for Mg-Al LDH sample, before and after
ageing, synthesised using a M2+:M3+ ratio of 3:1.

XRF analysis XRF analysis was conducted on samples S16 and S17 to ensure that

the selected M2+:M3+ ratios were stoicheometrically correct for each sample. Table A.37

summarises the mass percentage of primary components and impurities present with each

sample. The actual M2+:M3+ ratios for S16 and S17 were calculated to be approximately

2.00:1.04 and 3.00:1.04. This confirms that the selected masses for the desired experiments

conducted were accurate as described in Table 6.
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The observed presence of CuO and ZnO could be attributed to retained chemical species

within the milling chamber. Contamination from the degradation of the mill likely re-

sulted in the presence of Fe2O3, Cr2O3, NiO and MoO3. Similarly the degradation of

milling media contributed to the presence of ZrO2 and Y2O3. Components such as MnO

and K2O are likely a result of contaminant retention within the mill from previous runs

conducted through its lifetime.

The measured LOI (loss upon ignition) values were observed to differ between samples.

This is likely due to the structural difference between the samples synthesised with dif-

ferent metal ratios. Variation in both crystal water as well as the amount of intercalated

OH- in LDH product could account for the difference observed in these values. Similarly

the amount of LDH present within each sample may vary and further contribute to the

observed differences. It should further be noted that the XRF data is associated with the

sample prior to ageing.

SEM imaging SEM imaging of both samples, before ageing, is depicted in Figures 58

ando 59. No obvious morphological differences were observed between samples prior to

ageing. Comparitively, Figures 60 and 61, depict the samples after ageing for 24 h at

80 °C. Thin platelet like structures were present in both samples. These are likely the

result of LDH formation as supported by the XRD spectra in Figures 50 and 51.

Figure 58: SEM imaging of Mg-Al LDH sam-
ple synthesised using a M2+:M3+

ratio of 2:1, prior to ageing.

Figure 59: SEM imaging of Mg-Al LDH sam-
ple synthesised using a M2+:M3+

ratio of 3:1, prior to ageing.
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Figure 60: SEM imaging of Mg-Al LDH sam-
ple synthesised using a M2+:M3+

ratio of 2:1, after ageing.

Figure 61: SEM imaging of Mg-Al LDH sam-
ple synthesised using a M2+:M3+

ratio of 3:1, after ageing.

6.2.2 Ca-Al LDH

XRD analysis The synthesis of Ca-Al LDH was attempted by making use of com-

mercial grade CaO, Al(OH)3 and CaCO3 as raw materials. Samples were synthesised

according to a 3:2:1 and 2:1:0 ratio of M2+:M3+:CaCO3 and will be referred to S18 and

S19 for ease of reference. XRD spectra for both samples, before and after ageing, are as

depicted in Figures 62 and 63. Samples were aged for 24 h at 80 °C under atmospheric

conditions.

The XRD spectra associated with S18 indicated that LDH was present prior to ageing,

with the primary peak located at a 2θ value of 13.50°. The respective d-spacing calculated

with the use of Equation 7 was therefore determined to be 0.759 nm. Prior to ageing it

was noted that conversion was incomplete with Al(OH)3 and Ca(OH)2 peaks observed

at 2θ values of 21.28°and 39.82°respectively. Ageing of sample resulted in more complete

conversion with a minor Al(OH)3 peak observed. The Ca(OH)2 peaks were no longer

visible. It was noted that a more defined and prominent CaCO3 peak was present after

the ageing process. Twinning LDH peaks were observed at 2θ values of 13.54° and 13.2°,

corresponding to d-spacing values of 0.757 nm and 0.776 nm respectively. This could

possibly be due to the formation of different LDH phases and orientations.

Comparatively the XRD spectra for S19 is depicted in Figure 63. An LDH peak was

observed to be present at a 2θ value of 13.47°, corresponding to a d-spacing of 0.761 nm.

No direct carbonate source was available for LDH formation, however the synthesis was

not conducted under inert conditions. Rendering the formation of CO3
2- intercalated LDH

material possible. The presence of atmospheric carbonate could possibly be identified

through the formation of CaCO3 peak.
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The peaks associated with Al(OH)3 and Ca(OH)2 were observed to be more prominent than those for S18. Ageing of S19 resulted in the

formation of the LDH precursor katoite (Ca3Al2(OH)12) as a by-product. Conversion remained incomplete implying that the addition

of a carbonate source or third phase was necessary for the successful synthesis of Ca-Al LDH as stated by (Qu, Zhong, et al., 2016).

Twinning primary peaks were again observed after ageing was implemented at 2θ values of 13.27° and 13.58°. The relevant d-spacing

values associated with these were calculated to be 0.772 nm and 0.754 nm.

The average temperatures associated with samples S18 and S19 are depicted in Table 26. The estimated energy removed by the cooling

jacket was determined to be 0.45 kW and 0.37 kW for S18 and S19 respectively. Table 25 depicts the calculated parameters associated

with the heat transferred to the jacket water.

Table 25: Summary of calculated parameters associated with the heat removed by jacket water for Ca-Al samples synthesised with a change in
M2+:M3+:CaCO3 ratio.

M2+:M3+:CaCO3 T1 [K] T2 [K] Molar Flow [kmol·h-1] Cp [J·kmol-1·K-1] Cp [kJ·kmol-1·K-1] Q [kJ·h-1] Q [kJ·s-1]

3:2:1 303.38 302.64 28.93 75320.96 75.32 1612.24 0.45

2:1:0 305.19 304.58 29.11 75299.44 75.30 1337.13 0.37

Table 26: Average temperature and flowrate measurements obtained for Ca-Al LDH samples synthesised, with and without the addition of CaCO3,
using a M2+:M3+ ratio of 2:1.

M2+:M3+:CaCO3 Flow rate [L·h-1] Inlet [°C] Outlet [°C] Reactor [°C]

3:2:1 520.66 29.49 30.23 32.75

2:1:0 523.99 31.43 32.04 33.94
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Figure 62: XRD spectra for Ca-Al LDH sample, before and after ageing, synthesised with the
addition of CaCO3 using a M2+:M3+ ratio of 2:1.

Figure 63: XRD spectra for Ca-Al LDH sample, before and after ageing, synthesised without
the addition of CaCO3 using M2+:M3+ ratio of 2:1.

FT-IR analysis The FT-IR spectra for S18 is depicted in Figure 64. Prior to ageing,

peaks between 3700 cm-1 and 3300 cm-1 were observed and could be due to free M-OH

vibrations within the sample (Qu, Zhong, et al., 2016). This was to be expected as

conversion was observed to be incomplete, with Al(OH)3 and CaOH2 still present. The

peak observed at 3465 cm-1 could be due to free water and bonded water molecules within

the interlayer, as well as -OH vibrations within the octahedral layer (Labuschagne et al.,

2015). Peaks observed at 1418 cm-1 and 876 cm-1 could be due to the vibrations of

carbonate on the surface of the LDH (Qu, Zhong, et al., 2016). Similarly peaks observed
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at 1370 cm-1 and 3527 cm-1 could be attributed to the vibrations of carbonate (CO3
2- v3

vibrations) within the interlayer of the LDH structure (Fahami, W Beall, et al., 2016)

(Nicolet, 2019). The spectra for the S18 after ageing was similar to that prior to ageing.

It was however noted that the peak at 1022 cm-1 dissapeared once ageing was complete

and could be attributed to the reaction of raw materials to LDH.

The FT-IR spectra for S19 is depicted in Figure 65. The spectra prior to ageing was once

again similar to that of S18. Prior to ageing peaks were observed between 3300 cm-1 and

3700 cm-1. These could be attributed to bonded and free -OH within the sample (Nicolet,

2019). A broad peak at 1414 cm-1 could be due to carbonate within the system (Socrates,

2001). This was expected as synthesis and drying were conducted under atmospheric

conditions, despite no direct carbonate source being present. Peaks observed between

900 cm-1 and 500 cm-1 could further be a result of M-O (Aisawa et al., 2002) and M-

OH (Socrates, 2001) interactions within the sample. Ageing of the sample resulted in

a drastic change of the specra with twinning peaks at 1366 cm-1 and 1415 cm-1. These

could once-again be attributed CO3
-2 v3 antisymmetric vibrations (Labuschagne et al.,

2015) as a result of the LDH formed prior to ageing, as well as carbonate interactions on

the surface (Qu, Zhong, et al., 2016).

Figure 64: FT-IRspectra for Ca-Al LDH sample, before and after ageing, synthesised with the
addition of CaCO3 using a M2+:M3+ ratio of 2:1.
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Figure 65: FT-IR spectra for Ca-Al LDH sample, before and after ageing, synthesised without
the addition of CaCO3 using a M2+:M3+ ratio of 2:1.

Particle size analysis The change in particle size with time for S18 is depicted in

Figure 67. The relevant D90, D50 and D10 values for the initial Ca(OH)2, CaCO3 and

Al(OH)3 mixture were 23.6 µm, 7.84 µm and 1.98 µm respectively. The large D90 value

observed at 20 min of milling could be a result of agglomeration as supported by the

agglomeration tail seen in Figure 66. It was noted that after approximately 20 min of

milling activity the D10 value stabilised to below 0.70 µm at approximately 0.594 µm.

Although not clearly depicted in Figure 67 the average particle size continued to decrease

slightly to a final value of 1.7 µm, whereas the D90 values fluctuated slightly to a final

value of 36.9 µm.

Fluctuations in the particle size measurements could be due to the formation of LDH

product within the sample. Figure 66 depicts the change in particle size distribution

with time. The distributions observed varied with each time measurement and could

therefore be indicative of the ongoing reaction to the desired LDH product, as seen by

Figure 62. As new compounds form the distribution is predicted to continuously change

until the reaction has eventually reached completion. It is unclear whether the reaction

would have continued after 60 min of milling activity and can not be inferred from the

distribution obtained.

Ageing of the sample resulted in the conversion of the remaining raw materials into

LDH product. The particle size distribution therefore changed from a broad multi-modal

distribution to that of a narrow tri-modal distribution. The final D90, D50 and D10 values

obtained were 24.5 µm, 3.64 µm and 1.06 µm respectively.
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Comparatively the change in particle size with time for S19 is indicated in Figure 69. The

original hydroxide mixture exhibited D90, D50 and D10 values of 686 µm, 9.17 µm and

2.29 µm. These were observed to be higher than that of S18 and likely due to agglomera-

tion of the raw materials. The D10 values seemingly plateaued after 40 min of milling to

below 0.70 µm, exhibiting a final value of 0.661 µm for the mixture. Comparatively the

average particle size continued to decrease slightly to a final value of 2.71 µm. Overall the

D90 values fluctuated and followed an increasing trend to a final measurement of 86 µm.

Although LDH formation was not as complete as that observed for S18, it did occur as

could be seen by the XRD spectra in Figure 63. The increase in particle size could be a

result of the extent of reaction within the system.

The distribution for S19, as seen in Figure 68, differs to that of S18 and could be attributed

to the difference in reaction schemes for both systems. LDH formation for S19 did not

occur as readily as that of S18 as could be seen from the XRD spectra depicted in

Figures 62 and 63. The formation of chemical species directly influences the particle

size distribution as they will contain differing particle sizes to that of the selected raw

materials. In this case ageing of the sample did not lead to complete LDH formation,

but rather the formation of the precursor katoite. The distribution therefore changed to

that of a bi-modal distribution with final D90, D50 and D10 values of 6.40 µm, 3.01 µm

and 0.849 µm respectively.

Figure 66: Particle size distribution with a change in time for Ca-Al LDH sample, before and
after ageing, synthesised with the addition of CaCO3 using a M2+:M3+ ratio of
2:1.
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Figure 67: The change in particle size with time for Ca-Al LDH sample, before and after
ageing, synthesised with the addition of CaCO3 using a M2+:M3+ ratio of 2:1.

Figure 68: Particle size distribution with a change in time for Ca-Al LDH sample, before and
after ageing, synthesised without the addition of CaCO3 using a M2+:M3+ ratio of
2:1.
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Figure 69: The change in particle size with time for Ca-Al LDH sample, before and after
ageing, synthesised without the addition of CaCO3 using a M2+:M3+ ratio of 2:1.

XRF analysis Table A.38 depicts a summary of components obtained through XRF

analysis for samples S18 and S19. The ratio of Ca2+:Al3+ for S18 and S19 were calculated

to be 2.00:1.09 and 2.00:0.94 respectively. This was found to correlate with the selected

theoretical ratios and therefore calculated masses depicted in Table 6.

Impurities such as SiO2, MgO, BaO and P2O5 were likely a result of retained chemical

species within the mill. Whereas Fe2O3, Cr2O3, NiO, ZrO2 and Y2O3 could once again

be attributed to mill and milling media degradation. Differences in the LOI value could

once again be attributed to the structural differences of the products. XRF analysis was

conducted prior to ageing as the concentration of the non-volatile components was not

expected to change. Both samples exhibited the presence of LDH, with the conversion

for S18 seemingly more complete. This implies more LDH product within the measured

sample and therefore a higher concentration of bonded water and interlayer OH- groups

that are lost upon heating.

SEM imaging SEM images of S18 and S19, before and after ageing, are indicated in

Figures 70 through to 77. Images were varied such that the overall sample, along with the

individual particle morphology could be studied. Prior to aging both samples exhibited

platelet like structures, however no deductions could be made regarding whether or not

they were LDH. Ageing of the samples resulted in clear crystalline platelets for S18.

Comparatively S19 exhibited crystals that resemble those of calcite and katoite as could

be seen in Figures 75 and 77.
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Figure 70: SEM imaging of Ca-Al LDH sam-
ple, before ageing, synthesised
with the addition of CaCO3 using
a M2+:M3+ ratio of 2:1.

Figure 71: SEM imaging of Ca-Al LDH sam-
ple, before ageing, synthesised
without the addition of CaCO3

using a M2+:M3+ ratio of 2:1.

Figure 72: SEM imaging of Ca-Al LDH sam-
ple, before ageing, synthesised
with the addition of CaCO3 using
a M2+:M3+ ratio of 2:1.

Figure 73: SEM imaging of Ca-Al LDH sam-
ple, before ageing, synthesised
without the addition of CaCO3

using a M2+:M3+ ratio of 2:1.
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Figure 74: SEM imaging of Ca-Al LDH sam-
ple synthesised, after ageing, with
the addition of CaCO3 using a
M2+:M3+ ratio of 2:1.

Figure 75: SEM imaging of Ca-Al LDH
sample synthesised, after ageing,
without the addition of CaCO3

using a M2+:M3+ ratio of 2:1.

Figure 76: SEM imaging of Ca-Al LDH sam-
ple synthesised, after ageing, with
the addition of CaCO3 using a
M2+:M3+ ratio of 2:1.

Figure 77: SEM imaging of Ca-Al LDH
sample synthesised, after ageing,
without the addition of CaCO3

using a M2+:M3+ ratio of 2:1.

6.2.3 Zn-Al LDH

XRD analysis The synthesis of Zn-Al LDH was conducted making use of two different

zinc sources, namely zinc basic carbonate (Zn5(CO3)2(OH)6) and zinc oxide (ZnO). The

synthesised samples will be further referred to as S20 and S21 respectively. Ageing was

conducted at 80 °C for 24 h after milling was completed.

XRD spectra associated with S20 is as depicted in Figure 79. A primary LDH peak was

prominent at a 2θ value of 13.86°, corresponding to a d-spacing of 0.749 nm. Conversion,

prior to ageing was incomplete with Zn5(CO3)2(OH)6 and Al(OH)3 peaks visible at 2θ

values of 15.08°and 21.31°. Comparatively the peak intensity of the selected raw materials
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after ageing were reduced, however still present. A prominent primary LDH peak was

observed at a 2θ value of 13.70°, corresponding to a calculated d-spacing of 0.748 nm. The

LDH peak intensity increased drastically and could be due to an increase in crystallinity

and increase in conversion of raw materials to product. Synthesis with a 1:1 M2+:M3+

ratio is considered unconventional for LDH synthesis (Forano et al., 2006). It should

however be noted that (Qu, He, M Chen, Huang, et al., 2017) tested the effect of M2+:M3+

ratio on Zn-Al LDH formation and the XRD spectra exhibited no raw material peaks.

Comparatively Figure 78 depicts the spectra for S21. LDH peaks were observed to be

present after milling, however conversion was mostly incomplete. Ageing of the sample

did not seem to influence the conversion of raw materials to LDH product, with peaks

remaining fairly constant. The d-spacing values before and after ageing were calculated

to be 0.751 nm at 13.65°and 0.753 nm at 13.62°respectively. ZnO is available in more

or less active forms and depends on the method with which it is synthesised. The most

inactive form results upon calcination of Zn hydroxide or carbonate (Pourbaix, 1974).

The selected ZnO was prepared through vaporizing Zn metal. When exposed to air, the

Zn vapour reacts with O2 to form ZnO. This could possibly be a contributing factor

to the observed stability of the ZnO. Similarly according to (Pourbaix, 1974) Zn oxides

and hydroxides pass through a minimum in solubility at a pH of 9.4. Investigation of

the effect of pH on the Zn-Al LDH formation system, would therefore be of interest for

future studies.

Additionally the lack of a carbonate source should be further considered. It could be pos-

sible that, due to the synthesis not being conducted in an inert environment, atmospheric

carbonate contamination contributed to the formation of the LDH product observed. No

direct carbonate source prevents further reaction to a stable LDH phase as could be seen

in Section 6.2.2.

The average temperatures for both samples are as summarised in Table 28. The total

energy removed from the system by the cooling water was determined to be 0.44 kW and

0.55 kW for S20 and S21 respectively.
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Table 27: Summary of calculated parameters associated with the heat removed by jacket water for samples synthesised with the use of ZnO or
Zn5(CO3)2(OH)6, using a M2+:M3+ ratio of 1:1.

Zinc Source T1 [K] T2 [K] Molar Flow [kmol·h-1] Cp [J·kmol-1·K-1] Cp [kJ·kmol-1·K-1] Q [kJ·h-1] Q [kJ·s-1]

Zn5(CO3)2(OH)6 302.63 303.35 29.29 75321.08 75.32 1588.70 0.44

ZnO 301.87 302.78 29.26 75330.45 75.33 2005.60 0.55

Table 28: Average temperature and flowrate measurements obtained for Zn-Al LDH samples synthesised with the use of ZnO or Zn5(CO3)2(OH)6,
using a M2+:M3+ ratio of 1:1.

Zinc source Flow rate [L·h-1] Inlet [°C] Outlet [°C] Reactor [°C]

Zn5(CO3)2(OH)6 527.31 29.48 30.20 32.47

ZnO 526.63 28.72 29.63 31.55
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Figure 78: XRD spectra for Zn-Al LDH sample, before and after ageing, synthesised making
use of Zn5(CO3)2(OH)6, with a M2+:M3+ ratio of 1:1.

Figure 79: XRD spectra for Zn-Al LDH sample, before and after ageing, synthesised making
use of ZnO, with a M2+:M3+ ratio of 1:1.

FT-IR analysis The FT-IR spectra for sample S20 is depicted in Figure 80. The peaks

observed at and before 3465 cm-1 can be attributed to the stretching vibrations of bonded

–OH groups (Qu, He, M Chen, Huang, et al., 2017) (Nicolet, 2019). The peaks located

between 3500 cm-1 and 3700 cm-1, specifically 3525 cm-1, are likely due to the free –OH

groups located within the sample (Qu, He, M Chen, Huang, et al., 2017) (Nicolet, 2019).

Minor differences were observed between the spectra of the Zn5(CO3)2(OH)6 and S20.

This could largely be due to unreacted Zn5(CO3)2(OH)6 within the sample. Ageing of

the sample resulted in the formation of broad peaks between 3000 cm-1 and 3700-1. This
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could once-again be attributed to bonded and free -OH within the sample. A prominant

peak at approximately 1355 cm-1 and 1019 cm-1 was observed to form. This is likely due

to the carbonate interactions within the interlayer of the LDH (Socrates, 2001).

Figure 81 depicts the FT-IR spectra for S21. Little difference was observed between

spectra obtained prior to ageing and that after ageing. Peaks were observed to occur

from 3300 cm-1 to 3700 cm-1. This is likely due to bonded and free -OH within the

sample due to the formation of LDH as seen by the XRD spectra for S21 (Nicolet, 2019).

Similarly a peak at 1356 cm-1 was observed. This is indicative of carbonate contamination

within the system as it is likely due to carbonate interactions within the sample (Socrates,

2001).

Figure 80: FT-IR spectra for Zn-Al LDH sample, before and after ageing, synthesised making
use of Zn5(CO3)2(OH)6, with a M2+:M3+ ratio of 1:1.
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Figure 81: FT-IR spectra for Zn-Al LDH sample, before and after ageing, synthesised making
use of ZnO, with a M2+:M3+ ratio of 1:1.

Particle size analysis Figure 82 depicts the change in particle size with time for S20.

The original mixture of Zn5(CO3)2(OH)6 and Al(OH)3 contained measured D90, D50 and

D10 values of 10.5 µm, 4.13 µm and 1.71 µm prior to milling. A decreasing trend was

observed for each of the measured particle sizes throughout the milling period, resulting

in final values of 4.83 µm , 2.51 µm and 0.77 µm respectively, after 60 min of milling.

Ageing of the sample resulted in final D90, D50 and D10 values of 16.80 µm , 2.74 µm and

0.668 µm.

The change in the particle size distribution with time for S20 is depicted in Figure 83.

Minor changes were observed in the overall shape of the bi-modal distributions observed.

It was noted that despite minor changes observed, LDH formation and reaction does

occur during the milling process as supported by the XRD spectra in Figure 79. Aeging

of the sample resulted in a multi-modal distribution. Conversion of raw material to LDH

product as well as a change in the crystallinity of the sample could have contributed to

the difference in distributions observed.

Comparatively Figures 84 and 85 depict the change in particle size and distribution of

sample S21. The mixture of raw materials initially exhibited D90, D50 and D10 values of

11.50 µm, 5.45 µm and 1.67 µm respectively. This decreased steadily until final values

of 5.68 µm, 3.02 µm and 0.837 µm were reached. Ageing of the sample resulted in the

overall increase in these values to 6.34 µm, 3.83 µm and 1.9 µm respectively. This could

be due to possible crystallite growth and further reaction occurring during the ageing

step. The overall distribution exhibited was bi-modal with the distribution narrowing

gradually with an increase in milling time. Ageing, however, resulted in a very narrow
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bi-modal peaks. This could be further attributed to a change in crystallite size or the

present reaction scheme. It should be noted however that the XRD spectra indicated

very little change between the milled sample and the aged sample.

Figure 82: Particle size distribution with a change in time for Zn-Al LDH sample, before and
after ageing, synthesised with the use of Zn5(CO3)2(OH)6, with a M2+:M3+ ratio
of 1:1.

Figure 83: The change in particle size with time for Zn-Al LDH sample, before and after
ageing, synthesised with the use of Zn5(CO3)2(OH)6, with a M2+:M3+ ratio of 1:1.
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Figure 84: Particle size distribution with a change in time for Zn-Al LDH sample, before and
after ageing, synthesised with the use of ZnO, with a M2+:M3+ ratio of 1:1.

Figure 85: The change in particle size with time for Zn-Al LDH sample, before and after
ageing, synthesised with the use of ZnO, with a M2+:M3+ ratio of 1:1.

XRF analysis Table A.39 depicts the chemical species obtained for S20 and S21 from

XRF analysis. The synthesis of Zn-Al LDH was attempted making use a 1.00:1.00

M2+:M3+ metal ratio. The calculated ratios were determined to be 1.00:1.01 and 1.00:1.18

for S20 and S21 respectively. The calculated masses depicted in Table 6 were therefore

an accurate representation of the selected molar ratios.

Each sample exhibited impurities such as CaO, MgO, CuO, SiO2 and BaO that could
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be attributed to retained chemical species within the milling chamber and system. The

degradation of milling media along with the milling chamber could once again be the

cause of impurities such as Fe2O3, Cr2O3, NiO, ZrO2 and MoO3. It was noted that

impurities not associated with mill degradation were inconsistent when looking at the

different samples obtained.

The formation of LDH was observed to occur more readily for S20 when compared to

S21. The differences observed in the LOI values could be attributed to the difference in

structure of compounds present within each sample. S20 contained a mixture of LDH,

as well as the selected raw materials. Comparitively, S21 consisted of a mixture of ZnO,

Al(OH)3 and LDH.

SEM imaging SEM imaging for sample S21, before and after ageing, is depicted in

Figures 86 and 88. It was noted that the sample exhibited more platelet type structures

after ageing. Comparitively the SEM imaging for S20 is as depicted in Figures 87 and 89.

Prior to ageing of the sample, LDH-like hexagonal platelets were dispersed throughout

the sample. Such platelets were observed to be less common after ageing, however were

still identified.

Figure 86: SEM imaging of Zn-Al LDH sam-
ple synthesised with the use of
Zn5(CO3)2(OH)6 prior to ageing.

Figure 87: SEM imaging of Zn-Al LDH sam-
ple synthesised with the use of ZnO
prior to ageing.
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Figure 88: SEM imaging of Zn-Al LDH sam-
ple synthesised with the use of
Zn5(CO3)2(OH)6 after ageing.

Figure 89: SEM imaging of Zn-Al LDH sam-
ple synthesised with the use of ZnO
after ageing.

6.2.4 Cu-Al LDH

XRD analysis The synthesis of Cu-Al LDH was attempted making use of commercial

grade Cu2(OH)2CO3 and Al(OH)3. The synthesis was conducted making use of a 2:1 and

4:1 M2+:M3+ metal ratio. The samples were labelled S22 and S23 accordingly. Ageing

was conducted at 80 °C for a period of 24 h under atmospheric conditions. The respective

XRD spectra for each sample, along with that of Cu2(OH)2CO3 is depicted in Figures 90

and 91.

The XRD spectra for Cu2(OH)2CO3 was found to be dominant, overlapping that of other

components present. The presence of LDH was therefore difficult to confirm through XRD

spectra alone for both samples.

The spectra for S22, before ageing, indicated a minor primary LDH peak at a 2θ value of

13.82°. This was found to correspond to a calculated d-spacing of approximately 0.742 nm.

The peak associated with Cu2(OH)2CO3 was found to slightly overlap this primary LDH

peak at 13.89°. No other LDH peaks were obvious. Comparatively ageing of the sample

resulted in a more prominent primary peak, at 13.74°, with a calculated d-spacing of

0.746 nm. It was noted that a secondary peak was present at 27.76°. Conversion was

incomplete despite the incorporated of an ageing step. A decrease in the respective

Al(OH)3 and Cu2(OH)2CO3 peaks were however observed.

The XRD spectra for S23 indicate the presence of a small primary peak located at a

2θ value of 13.79°, corresponding to a d-spacing of approximately 0.743 nm. The peak

was found to closely coincide with a Cu2(OH)2CO3 peak located at a 2θ value of 13.89°.

Conversion was incomplete with the presence of both Cu2(OH)2CO3 and Al(OH)3 peaks.
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Comparatively once ageing was complete, the primary LDH peak, located at a 2θ value of 13.7°, was found to be more prominent. This

peak intensity was found to correspond with a d-spacing of 0.748 nm. A secondary LDH peak was observed at 27.64°, the rest of the

LDH spectra was however not visible due to the presence of Cu2(OH)2CO3 and Al(OH)3.A reduction in the Al(OH)3 peak was noted,

however little change was observed for the Cu2(OH)2CO3 and Al(OH)3 peaks. Conversion was not complete despite the ageing process.

Table 30 summarises the average temperatures and flowrates measured for samples S22 and S23. The total energy removed with the use

of cooling water was estimated to be 0.34 kW and 0.32 kW respectively. The calculated parameters associated with the heat transferred

to the jacket water is summarised in Table 29.

Table 29: Summary of calculated parameters associated with the heat removed by jacket water for Cu-Al samples synthesised with a change in
M2+:M3+ ratio.

M2+:M3+ T1 [K] T2 [K] Molar Flow [kmol·h-1] Cp [J·kmol-1·K-1] Cp [kJ·kmol-1·K-1] Q [kJ·h-1] Q [kJ·s-1]

2:1 304.21 304.77 29.18 75303.28 75.30 1230.63 0.34

4:1 303.34 303.87 29.11 75312.80 75.31 1162.01 0.32

Table 30: Average temperature and flowrate measurements obtained for Cu-Al LDH samples synthesised with a change in M2+:M3+ ratio.

Sample Flow rate [L·h-1] Inlet [°C] Outlet [°C] Reactor [°C]

S7 525.29 31.06 31.62 33.56

S8 524.01 30.19 30.72 32.14
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Figure 90: XRD spectra for Cu-Al LDH sample, before and after ageing, synthesised making
use of a M2+:M3+ ratio of 2:1.

Figure 91: XRD spectra for Cu-Al LDH sample, before and after ageing, synthesised making
use of a M2+:M3+ ratio of 4:1.

FT-IR analysis The FT-IR spectra for samples S22 and S23, before and after ageing is

depicted in Figures 92 and 93. The spectra for Cu2(OH)2CO3 was plotted alongside each

sample. All 4 samples depicted similar spectra to that of the Cu2(OH)2CO3. Identifica-

tion of bonds that are associated with the LDH was therefore difficult and inconclusive.

It was however noted that additional peaks were observed to occur between 3300 cm-1

and 3700 cm-1 and could possibly be the result of LDH formation. Aeging resulted in a

broader, higher intensity peaks in this region. This is likely due to bonded and free -OH

within the sample (Nicolet, 2019). This could possibly e related to the formation of LDH
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within the system. Ageing resulted in minor peaks at 1632 cm-1 (S22) and 1628 cm-1

(S23) which were not present in the spectra for Cu2(OH)2CO3, this however correlated

to Cu-Al LDH spectra in literature (Qu, He, M Chen, Q Zhang, et al., 2017) and could

possibly be due to the formation of LDH as seen by XRD spectra obtained.

Figure 92: FT-IR spectra for Cu-Al LDH sample, before and after ageing, synthesised making
use of a M2+:M3+ ratio of 2:1.

Figure 93: FT-IR spectra for Cu-Al LDH sample, before and after ageing, synthesised making
use of a M2+:M3+ ratio of 4:1.

Particle size analysis The change in the particle size for S22 and S23 are as indicated

in Figures 95 and 97. The raw material mixture for S22 depicted D90, D50 and D10 values

of 15.6 µm, 5.55 µm and 1.34 µm. Decreasing trends were observed for the measured D90
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and D10 distributions to final values of 4.93 µm and 0.764 µm. The average particle size

continued to decrease only slightly after 10 min of milling, to a final value of 2.43 µm.

Minor changes were observed for the shape of the bi-modal distributions in Figure 94 after

approximately 20 min of milling activity. It was unclear whether LDH formation occurred

during the milling process, as peaks were not present prior to ageing as seen by the XRD

spectra in Figure 90. Ageing of the S22 resulted in a complete shift in the bi-modal

distribution as can be seen in Figure 94. The final D90, D50 and D10 values obtained were

thus 7.82 µm, 1.81 µm and 0.6 µm. The change in the distribution and particle size could

be attributed to the further conversion of raw materials to LDH product as seen by the

XRD spectra obtained in Figure 90, as well as potential crystal growth. SEM imaging is

required to determine the extent at which the sample morphology has changed compared

to the milled sample obtained prior to ageing. This is further discussed in Section 6.2.4.

Figure 97 refers to the change in particle size with milling time for S23. The selected raw

material mixture, consisting of an excess of Cu2(OH)2CO3, resulted in initial D90, D50

and D10 values of 17 µm, 5.45 µm and 1.29 µm respectively. This was observed to differ

from that of S22 and is likely due to the greater concentration of Cu2(OH)2CO3 present

within sample S23 prior to milling. Particle size reduction occurs, with slight fluctuations

occurring in the relevant D90, D50 and D10 values throughout the milling process. The

average particle size was determined to decrease to approximately 3 µm after 10 min of

milling, exhibiting a final value of 3.01 µm after 60 min of milling. Similarly the D90 and

D10 values reduced to that of 5.61 µm and 0.889 µm at the end of the 1 h milling process.

The change in particle size distribution with time, exhibited in Figure 96, was similar

to that of S22. Minor differences between each sampling interval were observed after

approximately 20 min of milling. Ageing of the sample resulted in D90, D50 and D10 values

of 11.2 µm, 2.58 µm and 0.672 µm respectively. A shift in the particle size distribution

could once again be observed. The distribution was observed to have a similar shape to

that of S22, however likely differ due to the difference in M2+:M3+ ratio. The conversion

to LDH material as well as potential crystallite growth could further be a contributing

factor to the observed change in distribution.
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Figure 94: Particle size distribution with a change in time for Cu-Al LDH sample synthesised
with the use of a M2+:M3+ ratio of 2:1.

Figure 95: The change in particle size with time for Cu-Al LDH sample synthesised with the
use of a M2+:M3+ ratio of 2:1
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Figure 96: Particle size distribution with a change in time for Cu-Al LDH sample synthesised
with the use of a M2+:M3+ ratio of 4:1.

Figure 97: The change in particle size with time for Cu-Al LDH sample synthesised with the
use of a M2+:M3+ ratio of 4:1.

XRF analysis All samples were prepared as pressed powder pellets when conducting

XRF analysis. No Loss upon ignition (LOI) values were therefore available for either S22

and S23. Table A.40 summarises the XRF data obtained through this method of analysis.

The Cu2+ to Al3+ ratios were calculated to be 2.00:0.996 and 4.00:1.06 respectively,

correlating to selected masses listed in Table 6.

The chemical species SiO2, MgO, P2O3, CaO and ZnO could once again be the result of
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retained impurities despite washing of the mill and selected media. Similarly mill degra-

dation and bead degradation likely resulted in the presence of Fe2O3, Cr2O3, NiO, ZrO2

and MoO3. Concentrations of components associated with mill and media degradation

were observed to be similar between each run.

SEM imaging Figures 98 and 100 depict the SEM imaging for sample S22, before and

after ageing. Similarly the imaging for S23 is depicted in Figures 99 and 101. No obvious

differences were observed for the morphology of both samples prior to ageing. This was

found to be further true once ageing was complete. The rectangular crystallite structures

of the Cu2(OH)2CO3 were no longer obvious once milling was complete in either sample.

Figure 98: SEM imaging of Cu-Al LDH sam-
ple synthesised with the use of a
M2+:M3+ ratio of 2:1 prior to age-
ing.

Figure 99: SEM imaging of Cu-Al LDH sam-
ple synthesised with the use of a
M2+:M3+ ratio of 4:1 prior to age-
ing.

Figure 100: SEM imaging of Cu-Al LDH sam-
ple synthesised with the use of a
M2+:M3+ ratio of 2:1 after age-
ing.

Figure 101: SEM imaging of Cu-Al LDH sam-
ple synthesised with the use of a
M2+:M3+ ratio of 4:1 after age-
ing.
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7 Conclusion and Recommendations

The need for ’green’ synthesis methods of LDH material have prompted the exploration

of mechanochemistry as a alternative to existing methods. Primary methods of synthesis

include urea hydrolysis, co-precipitation, sol-gel and hydrothermal methods. These have

proven to be successful, however are either energy intensive, result in environmentally

unfriendly by-products, require strict inert environments or are costly to replicate on

a large scale. Mechanochemistry offers a more robust, versatile and ’green’ solution to

these existing methods, with many successful studies conducted. Research indicated that

raw materials selected could vary from metallic salts to potentially more environmentally

friendly oxides, hydroxides and basic carbonates. Although many successful studies have

been conducted, limited research on single-step wet grinding exists. This was primarily

due to the difficulties associated with wet grinding, raw materials selected, morpholog-

ical imperfections and possible lack of mechanochemical activation. Studies conducted

have indicated low conversion rates and therefore further exploration is warranted. Sim-

ilarly synthesis of LDH with the use of oxides, hydroxides and basic carbonates have

proven to be difficult. Literature research indicated that the most common methods of

mechanochemistry make use of ball mills, mixer mills or manual grinding as the method

of mechanical energy addition to a system.

The study therefore aims to expand on one-step wet mechanochemical synthesis of LDHs,

from oxides, hydroxides and basic carbonates, by making use of a Netzsch LME 1 hori-

zontal bead mill. To the best of the authors knowledge this method of mechanochemical

activation has not yet been explored.The selected mill allows for the continuous, semi

batch or batch synthesis of LDH materials. The process could therefore be easily up-

scaled to produce large volumes of consistent and commercially viable LDH product.

This method of synthesis further allows for the control of particle size. The use of LDH

materials could therefore be expanded to suit fine-particle application.

The investigation included exploring the synthesis of Mg-Al LDH with a change in milling

and experimental parameters such as rotational speed, retention time, solids loading, bead

size and jacket water inlet temperature. Additionally the synthesis of Mg-Al, Ca-Al, Zn-

Al and Cu-Al LDH was further explored by making use of existing synthesis conditions

and adapting them to the selected method of milling. This was specifically in relation to

M2+:M3+ ratio and selected starting materials.
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7.1 Parameter study

The synthesis of layered double hydroxides with the use of a Netzsch LME 1 horizontal

bead mill was deemed successful. Changes in parameters such a rotational speed, reten-

tion time, bead size, jacket water inlet temperature and solids loading, provided insight

on the synthesis of Mg-Al LDH from MgO and Al(OH)3. An increase in rotational speed

resulted in an increase in the degree of amorphitisation of raw materials, with possible

LDH decomposition at 3000 rpm. This was true for both selected temperatures of 30 °C

and 50 °C. A retention time of 1 h was deemed too short to determine the true effects

of the rotational speed on the formation and destruction of LDH. An increase in solids

loading resulted in the decrease in grinding activity, with the optimal solids loading likely

between that of 10 % and 20 %, with a high viscosity slurry and little grinding observed

at 30 %.

A decrease in the bead size (0.25 mm) resulted in an increase in conversion of the selected

raw materials to LDH. This was likely a result of an increase in the total amount of

reactive surface area. Particle size was observed to be lower than those obtained with

2 mm beads. An increase in retention time for a jacket water inlet temperature of 30 °C

resulted in minor quantities of LDH present, with raw material peaks present within

XRD spectra obtained. Amorphitisation was observed to increase with an increase in

retention time, leading to possible degradation of the LDH structure. Comparatively an

inlet temperature of 50 °C drastically improved the conversion of raw materials to LDH,

with the XRD spectra for LDH clearly visible after 3 h. Peaks were, however, observed

to be broad and low in intensity, implying poor morphology and crystallinity.

It was noted that no Mg(OH)2 peaks were observed for any of the samples synthesised.

MgO was however largely present despite suspension in water. The decrease in XRD peak

intensity was observed to be greater when at elevated jacket water temperatures (50 °C),

when compared to lower temperatures (30 °C). A proposed reasoning could be that the

hydration rate of MgO to Mg(OH)2 is greater at elevated temperatures as described

by (Rocha et al., 2004). Upon formation of Mg(OH)2, LDH/LDH precursor formation

occurs rapidly resulting in no observable Mg(OH)2 peaks in XRD spectra obtained. The

hydration is not prevented with the formation of an outer layer of Mg(OH)2/LDH as the

grinding activity due to the additional milling media would remove the outer layer. This

would allow for further hydration to occur. More research should be conducted through

pH measurement to determine the influence of the selected paramters on the solubility

and therefore phases present within the sample.

Comparatively Al(OH)3 peaks were mostly observed to decrease at a rate greater than

that of MgO. The reactivity of MgO is further influenced by factors such as calination
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temperature and time, further influencing the hydration rate. At high alkalinity Al is

present as Al(OH)4
- (Zorn & Kaminski, 2015) and could wash out of the system if no

LDH or precursor formation occurs. System pH should therefore be further studied. The

effects of factors such as the hardness of the raw materials as well as mixing kinetics

should be further considered in future studies. Future studies should further attempt to

incorporate an energy or scientific model to better quantify results.

7.2 Versatility study

The synthesis of LDH was observed to occur for all samples prior to ageing with the

exception of all Cu-Al samples and the Mg-Al sample synthesised with a 2:1 M2+:M3+

ratio. Conversion was observed to be incomplete for all samples with raw material peaks

present in XRD spectra obtained. The influence of parameters on the synthesis of these

LDH materials should be further investigated. Ageing of the samples allowes for an alter-

native two step commercial process through wet milling rather than a one-step process.

Aeging further resulted in the increase in particle size of samples obtained. More research

should be conducted to allow for particle size control when making use of an additional

ageing step.

The formation of Mg-Al LDH occured more readily when making use of a 3:1 M2+:M3+

ratio when compared to that of a 2:1 M2+:M3+ ratio. This was attributed to the stablility

of Mg-Al LDH synthesised at a 3:1 M2+:M3+ ratio as it occurs naturally in this state

(Forano et al., 2006). Ageing of the samples resulted in a dratic increase in conversion

of raw materials to LDH, with no MgO peaks observed in the XRD spectra obtained.

Higher temperatures (80 °C) were expected to increase the rate of hydration and LDH

formation, as well as sample crystallinity.

The formation of Ca-Al LDH was observed to occur for both samples synthesised. The

addition of a carbonate source (CaCO3) resulted in LDH formation occuring more readily,

with increased conversion upon ageing. Comparitively, no carbonate source, did result

in some LDH formation, however the formation of katoite occured upon ageing. The

formation of LDH could be due to the synthesis and drying being conducted under at-

mospheric conditions, despite no direct carbonate source being present. The addition of

a third phase, containing the selected anion for intercalation, is therefore nescessary (Qu,

Zhong, et al., 2016).

The use of ZnO and Zn5(CO3)2(OH)6 in combination with Al(OH)3 both yielded LDH

with incomplete conversion prior to ageing with raw material peaks observable in XRD

spectra obtained. It was noted that no difference was observed for samples synthesised
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with ZnO before and after ageing. This could be attributed to the chemical stability

of ZnO as well as the lack of carbonate source. The LDH was therefore likely a result

of carbonate contamination due to the synthesis being conducted under atmospheric

conditions. Comparatively LDH formation was observed to occur more readily when

making use of Zn5(CO3)2(OH)6, with ageing drastically increasing the XRD peak intensity

of the sample as well as improving the conversion.

The synthesis of Cu-Al LDH was deemed difficult with no LDH peaks observed prior to

ageing for both samples synthesised. Initially when no LDH was observed for a selected

2:1 M2+:M3+ ratio, a ratio of 4:1 was selected to determine how an excess of Cu may

influence the synthesis and if it may improve. No noticable difference was observed

prior to ageing, with Cu2(OH)2CO3 largely present within the XRD spectra obtained.

Differences in FT-IR spectra for the sample and that of pure Cu2(OH)2CO3 may suggest

that LDH formation occured, however it was unclear. Ageing of both samples resulted

in minor observable peaks in the XRD spectra obtained, however conversion was mostly

incomplete. Longer ageing and milling times should be investigated to determine if the

conversion will improve.
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Appendix A XRF results

Table A.31: Mass percentages for chemical components and impurities present within Mg-Al
LDH samples synthesised with a change in rotational speed, at a cooling water
inlet temperature of 30°C.

Component [mass %] Rotational Speed [rpm]

1000 2000 3000

SiO2 9.23 ± 0.14 9.02 ± 0.14 9.02 ± 0.14
Al2O3 25.85 ± 0.22 26.06 ± 0.22 24.77 ± 0.22
MgO 40.82 ± 0.25 39.86 ± 0.24 39.28 ± 0.24
Fe2O3 0.3 ± 0.015 0.49 ± 0.024 1.10 ± 0.05
K2O 0.01 ± 0.001 0.01 ± 0.0011 0.01 ± 0.001
CaO 0.34 ± 0.017 0.39 ± 0.02 0.38 ± 0.019

Cr2O3 0.07 ± 0.0032 0.15 ± 0.0065 0.34 ± 0.017
MnO 0.01 ± 0.0007 0.01 ± 0.0007 0.02 ± 0.0007
NiO 0.09 ± 0.0045 0.1 ± 0.0049 0.02 ± 0.0074
CuO 0.01 ± 0.0009 0.01 ± 0.0009 0.01 ± 0.0009
ZrO2 1.96 ± 0.07 1.47 ± 0.06 2.48 ± 0.08
MoO3 0.01 ± 0.0066 0.03 ± 0.0063 0.03 ± 0.0067
Y2O3 0.11 ± 0.0052 0.08 ± 0.0039 0.13 ± 0.0067
LOI 21.15 22.33 22.15

A.1



Table A.32: Mass percentages for chemical components and impurities present within Mg-Al
LDH samples synthesised with a change in retention time, at a cooling water
inlet temperature of 30 °C.

Component [mass %] Residence Time [h]

1 2 3

SiO2 9.25 ± 0.14 9.60 ± 0.15 8.06 ± 0.14
Al2O3 25.50 ± 0.22 26.47 ± 0.22 23.18 ± 0.21
MgO 35.46 ± 0.24 36.99 ± 0.24 35.08 ± 0.24
Fe2O3 0.59 ± 0.029 0.95 ± 0.048 1.06 ± 0.05
K2O 0.04 ± 0.0031 0.02 ± 0.0025 0.01 ± 0.001
CaO 0.40 ± 0.02 0.43 ± 0.022 0.38 ± 0.019

Cr2O3 0.16 ± 0.0079 0.27 ± 0.014 0.31 ± 0.015
MnO 0.01 ± 0.0018 0.02 ± 0.0016 0.02 ± 0.0009
NiO 0.12 ± 0.0058 0.14 ± 0.0069 0.14 ± 0.0068
CuO 0.03 ± 0.0029 0.03 ± 0.0023 0.03 ± 0.0016
ZrO2 1.45 ± 0.06 0.95 ± 0.047 3.13 ± 0.09
ZnO 0.94 ± 0.046 0.88 ± 0.044 0.71 ± 0.035

MoO3 0.01 ± 0.018 0.01 ± 0.0033 0.05 ± 0.0067
Y2O3 0.07 ± 0.012 0.06 ± 0.0037 0.17 ± 0.0083
LOI 25.96 23.14 27.63

Table A.33: Mass percentages for chemical components and impurities present within Mg-Al
LDH samples synthesised with a change in solids loading, at a cooling water inlet
temperature of 30 °C

Component [mass %] Solids Loading [%]

10 20 30

SiO2 9.02 ± 0.14 9.11 ± 0.14 9.24 ± 0.14
Al2O3 26.06 ± 0.22 25.43 ± 0.22 25.78 ± 0.22
MgO 39.86 ± 0.24 38.40 ± 0.24 38.81 ± 0.24
P2O5 0.01 ± 0.0016 0.01 ± 0.0025 0.01 ± 0.0025
Fe2O3 0.49 ± 0.024 0.38 ± 0.019 0.30 ± 0.015
K2O 0.01 ± 0.0011 0.00 ± 0.0011 0.00 ± 0.001
CaO 0.39 ± 0.02 0.34 ± 0.017 0.35 ± 0.017

Cr2O3 0.15 ± 0.0065 0.10 ± 0.005 0.07 ± 0.0036
MnO 0.01 ± 0.0007 0.01 ± 0.0007 0.01 ± 0.0006
NiO 0.1 ± 0.0049 0.09 ± 0.0044 0.09 ± 0.0043
ZrO2 1.47 ± 0.06 1.19 ± 0.05 0.76 ± 0.038
Y2O3 0.08 ± 00039 0.06 ± 0.0037 0.04 ± 0.0037
MoO3 0.03 ± 0.0063 0.00 ± 0.0059 0.00 ± 0065
LOI 22.33 24.82 24.49
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Table A.34: Mass percentages for chemical components and impurities present within Mg-Al
LDH samples synthesised with a change in bead size to 0.25 mm, at a cooling
water inlet temperature of 30 °C

Component [mass %] Milling Media Size [mm]

0.25

SiO2 5.36 ± 0.11
Al2O3 22.83 ± 0.21
MgO 31.81 ± 0.23
Fe2O3 0.39 ± 0.019
K2O 0.05 ± 0.0023
CaO 0.43 ± 0.021

Cr2O3 0.14 ± 0.0067
MnO 0.01 ± 0.0008
NiO 0.09 ± 0.0043
ZrO2 4.69 ± 0.11
Y2O3 0.27 ± 0.013
MoO3 0.03 ± 0.011
SO3 0.04 ± 0.0024
CuO 0.01 ± 0.0013
SrO 0.01 ± 0.005
LOI 32.71

Table A.35: Mass percentages for chemical components and impurities present within Mg-Al
LDH samples synthesised with a change in retention time, at a cooling water
inlet temperature of 50 °C.

Component [mass %] Retention Time [h]

1 2 3

SiO2 8.54 ± 0.14 7.88 ± 0.13 6.81 ± 0.12
Al2O3 24.04 ± 0.21 22.60 ± 0.21 20.20 ± 0.21
MgO 33.80 ± 0.24 33.31 ± 0.24 30.88 ± 0.23
Fe2O3 0,54 ± 0.027 0.77 ± 0.038 0.87 ± 0.053
K2O 0.02 ± 0.0024 0.02 ± 0.0014 0.01 ± 0,0009
CaO 0.35 ± 0.018 0.33 ± 0.017 0.30 ± 0.015

Cr2O3 0.14 ± 0.007 0.22 ± 0.011 0.26 ± 0.013
MnO 0.01 ± 0.0015 0.01 ± 0.0009 0.02 ± 0.0008
NiO 0.11 ± 0.0054 0.12 ± 0.0058 0.11 ± 0.0057
ZrO2 1.96 ± 0.07 2.97 ± 0.08 3.54 ± 0.09
Y2O3 0.10 ± 0.0097 0.16 ± 0.0079 0.19 ± 0.0094
MoO3 0.00 ± 0.015 0.03 ± 0.0078 0.05 ± 0.0094
ZnO 0.02 ± 0.002 0.02 ± 0.001 0.02 ± 0.001
CuO 0.02 ± 0.0023 0.02 ± 0.0012 0.02 ± 0.0009
LOI 30.33 31.52 36.68
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Table A.36: Mass percentages for chemical components and impurities present within Mg-Al
LDH samples synthesised with a change in rotational speed, at a cooling water
inlet temperature of 50 °C.

Component [mass %] Rotational Speed [rpm]

1000 2000 3000

SiO2 8.97 ± 0.14 9.07 ± 0.14 8.69 ± 0.14
Al2O3 25.20 ± 0.22 24.80 ± 0.22 23.77 ± 0.21
MgO 39.91 ± 0.24 39.25 ± 0.24 37.71 ± 0.24
Fe2O3 0.28 ± 0.014 0.49 ± 0.025 0.93 ± 0.046
K2O 0.01 ± 0.001 0.01 ± 0.001 0.01 ± 0.001
CaO 0.34 ± 0.017 0.37 ± 0.018 0.33 ± 0.017

Cr2O3 0.06 ± 0.0031 0.14 ± 0.007 0.29 ± 0.015
MnO 0.01 ± 0.0007 0.01 ± 0.0007 0.02 ± 0.0008
NiO 0.09 ± 0.0043 0.10 ± 0.005 0.13 ± 0.0063
ZrO2 1.80 ± 0.07 1.97 ± 0.07 2.88 ± 0.08
Y2O3 0.10 ± 0.0048 0.11 ± 0.0053 0.05 ± 0.0077
MoO3 0.01 ± 0.0064 0.02 ± 0.0059 0.04 ± 0.006
CuO 0.00 0.01 ± 0.0009 0.01 ± 0.0009
LOI 23.20 23.65 24.95

Table A.37: Mass percentages for chemical components and impurities present within Mg-Al
LDH samples synthesised with a change in M2+:M3+ ratio.

Component [mass %] Reference

S16 S17

SiO2 9.02 ± 0.14 9.13 ± 0.14
Al2O3 26.06 ± 0.22 18.03 ± 0.19
MgO 39.86 ± 0.24 41.01 ± 0.25
Fe2O3 0.49 ± 0.024 0.41 ± 0.02
K2O 0.01 ± 0.0011 0.00
CaO 0.39 ± 0.02 0.35 ± 0.017

Cr2O3 0.13 ± 0.0065 0.11 ± 0.0054
MnO 0.01 ± 0.0007 0.01 ± 0.0006
NiO 0.1 ± 0.0049 0.1 ± 0.0048
ZrO2 1.47 ± 0.06 1.59 ± 0.06
Y2O3 0.08 ± 0.0039 0.08 ± 0.0042
MoO3 0.03 ± 0.0063 0.02 ± 0.006
ZnO 0.01 ± 0.0009 0.01 ± 0.0007
CuO 0.01 ± 0.0009 0.01 ± 0.0008
LOI 22.33 29.12
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Table A.38: Mass percentages for chemical components and impurities present within Ca-Al
LDH samples with and without the addition of CaCO3 using a Ca:Al ratio of 2:1.

Component [mass %] Reference

S18 S19

SiO2 0.65 ± 0.032 0.92 ± 0.046
Al2O3 19.45 ± 0.2 18.44 ± 0.19
MgO 1.31 ± 0.06 1.49 ± 0.06
P2O5 0.044 ± 0.0024 0.049 ± 0.0025
Fe2O3 0.19 ± 0.0095 0.20 ± 0.01
CaO 39.14 ± 0.24 43.00 ± 0.25

Cr2O3 0.047 ± 0.0023 0.047 ± 0.0023
NiO 0.013 ± 0.0007 0.012 ± 0.0008
ZrO2 0.40 ± 0.02 0.37 ± 0.018
SO3 0.20 ± 0.0024 0.19 ± 0.0024

Y2O3 0.020 ± 0.0023 0.020 ± 0.0023
BaO 0.16 ± 0.07 0.15 ± 0.07
LOI 38.16 34.99

Table A.39: Mass percentages for chemical components and impurities present within Zn-
Al LDH samples synthesised with the use of ZnO or Zn5(CO3)2(OH)6 with a
M2+:M3+ ratio of 1:1.

Component [mass %] Reference

S20 S21

SiO2 0.01 ± 0.0055 0.04 ± 0.012
Al2O3 26.62 ± 0.23 33.00 ± 0.23
MgO 0.20 ± 0.0024 0.00
Fe2O3 0.13 ± 0.0069 0.20 ± 0.011
CaO 0.05 ± 0.0046 0.32 ± 0.0049

Cr2O3 0.04 ± 0.0018 0.06 ± 0.0028
NiO 0.01 ± 0.0013 0.01 ± 0.0015
CuO 0.81 ± 0.0025 0.64 ± 0.0025
ZrO2 0.03 ± 0.002 0.01 ± 0.006
ZnO 42.21 ± 0.24 44.29 ± 0.25

MoO3 0.02 ± 0.0062 0.01 ± 0.0064
BaO 0.01 ± 0.05 0.17 ± 0.06
LOI 29.80 21.11
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Table A.40: Mass percentages for chemical components and impurities present within Cu-Al
LDH samples synthesised with a change in M2+:M3+ ratio.

Component [mass %] Reference

S22 S23

SiO2 0.16 ± 0.0073 0.17 ± 0.0062
Al2O3 23.94 ± 0.24 14.25 ± 0.23
MgO 0.10 ± 0.016 0.19 ± 0.016
P2O5 0.16 ± 0.0031 0.04 ± 0.0031
Fe2O3 0.29 ± 0.014 0.21 ± 0.0097
CaO 0.16 ± 0.0076 0.56 ± 0.016

Cr2O3 0.08 ± 0.0039 0.07 ± 0.0027
NiO 0.02 ± 0.0021 0.02 ± 0.0015
CuO 75.02 ± 0.42 84.21 ± 0.032
ZrO2 0.04 ± 0.0017 0.12 ± 0.0025
ZnO 0.11 ± 0.0053 0.12 ± 0.25

MoO3 0.02 ± 0.0033 0.02 ± 0.007
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