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Abstract 

The aim of this project was to produce solid adsorbents and catalysts in a continuous 

flow process. These materials are traditionally made in a batch process. The 

materials were made and the effect of the change in synthesis explored.  

When hydrotalcite was produced in a batch process it was found to yield material 

that was synthesised by a reaction governed by thermodynamic control. Contrary, 

solid formation in a continuous flow it was found to be governed by a kinetically 

controlled reaction. During the batch reaction the reactants had time and mobility to 

precipitate, dissolve and re-precipitate in order to arrive at the lowest energy 

configuration. This configuration resulted in aluminium from one meixnerite 

intermediate layer aligning with aluminium in the opposing layer (referred to as “in 

phase”). This allowed carbonate anions to join the layers together creating a 

crystalline structure by balancing its charge between the two aluminium atoms. In a 

continuous flow process the reactants were not afforded either the time or space to 

move. This resulted in aluminium being randomly located within the meixnerite 

intermediate. Due to the random placement of aluminium, the aluminium in 

opposing layers did not consistently align (referred to as “out of phase”). Carbonate 

anions bound to these out of phase aluminium atoms are unable to balance their 

charge by linking layers together. The anions compensated by taking up hydrogen 

and forming a bicarbonate anion. The remaining aluminium took up monovalent 

nitrate anions in the absence of any divalent anions. Hydroxide anions would have 

been more favourable but they were required in the formation of the lattice. It was 

also found that the kinetically controlled product could be converted to the 
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thermodynamically controlled product by washing. Washing, however, degraded the 

lattice structure and washed away an amount of material. 

The hydrotalcites produced by continuous flow process were thermally decomposed 

to act as a carbon dioxide adsorbent. They decomposed much faster than their batch 

counterparts, suggesting the carbonate bridge provides thermal stability to the 

material. The decomposition also revealed that the magnesium/aluminium spinel 

recorded in other studies did not form for the materials produced in a continuous 

flow process. Instead the material decomposed to the separate metal oxides. This did 

not have an effect on the ability of the material to adsorb carbon dioxide and 

performed comparably to the batch process materials.  

The continuous flow process was used to create a Ni/Mg/Al hydrotalcite that could 

be used as a catalyst in ethanol steam reforming. The continuous flow process 

allowed three processes for introducing nickel into the system: the doping of the 

starting reagents, ion exchange during the washing process and the impregnation of 

the dry product. The doped samples produced material comparable to those produced 

in continuous flow without doping or washing. The ion exchange and the 

impregnation samples produced samples that are comparable to those produced in 

continuous flow with washing The doped samples exhibited a fourth region of 

weight loss in thermogravimetric analysis which is speculated to be the formation of 

nickel aluminide at high temperatures. The catalytic activity corroborated this idea 

with an increase in metallic behaviour. The doped sample was found to be the more 

active sample tested. 

In order to further test the effect of kinetic and thermodynamic control during the 

continuous flow process, an attempt to control the particle size of zirconium basic 
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sulfate was made. It was found that the particle size could be altered in the batch 

process due the variable environment within the reactor. Inefficient mixing created 

concentration gradients and inefficient heating created temperature gradients. It was 

these gradients within the batch reactor that facilitated the thermodynamic product to 

be produced and the particle size to increase. In a continuous flow reactor these 

gradients did not exist. The advantage of the flow reactor was the ability to control 

the environment of the reactor in an even and uniform manner. The uniformity of the 

reactor environment eliminated any temperature or concentration gradients, keeping 

all the materials at similar chemical potentials, limiting particle growth. 
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Chapter 1 - Introduction 

Batch processes 

A batch reaction is a recipe driven process performed in a vessel without material 

exchange during the process, widely used in the manufacturing of fine and speciality 

chemicals.
[1-4]

 It is often focused on smaller volumes of a large number of products, 

which requires multi-purpose equipment.
[2-5]

  Batch processes are often comprised of 

simple processing units like mixers, stirrers, storage tank, pipelines and transfer 

units.
[2, 6]

 Pumps that are used are not needed to be optimised but are chosen by 

filling and emptying times. Without the need of accurate flow rates the cost of this 

equipment is reduced.
[1]

 In other processes, each unit is specially made for a specific 

propose under specific conditions. In a batch process, the units involved do not 

require these specialised qualities. This lack of definition in the process units allows 

them an increased flexibility with respect to a wide range of products, product 

quantities and recipes.
[1, 2]

 The simplicity of the process unit means batch 

manufacturing plants are relatively easy to build compared to a continuous flow 

plant. Batch processes are easy to scale up from a lab test to manufacturing facilities 

depending on market demand and requirement.
 [1, 4, 6]

 The unit required for a 

particular processing task is referred to as a Production Unit. Within a manufacturing 

facility there can be multiple production units, often operating in parallel to produce 

a greater number of products.
[2, 3, 7, 8]

 

A batch process is a contained reaction having a beginning and an end.
 [2, 6]

 

Intermediate products can be stored, however when this is not possible they can be 

immediately processed in another production unit.
[2, 3, 9]

 The output of the process 

appears in quantities of materials, referred to as “lots”. This leads to the reaction 
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needing to be repeated. If sufficient quantity cannot be obtained in one reaction, 

another must be started to obtain the additional product. The products of these 

repetitions are referred to as a batch, giving the process its name.
[6, 8]

 Batch processes 

have recipes that are used to produce a product through a number of steps. A process 

recipe must be completed sequentially; each step must be completed, regardless of 

how simple or complex, before the next step can be started.
[1, 4, 7, 8]

 Often these 

recipes include special steps, in the event of a step failing. 
[6]

 

A batch processing unit allows for multiple reactions in several steps and multiple 

products can be made within a facility, minimising the cost of equipment.
[1, 6] 

When a 

single product is made using the same quantities of raw materials under the same 

conditions, it is known as “single-product batch processing”. 
[4, 8-10]

 When different 

amounts of raw material are used, but the same operations are preformed to produce 

similar but not identical products it is referred to as “multi-grade batch processing”. 

[11, 12]
 “Multi-product batch processing” is when different methods and different 

amounts of raw materials are used to produce different products.
[2, 3, 5, 7, 9, 13]

 All these 

different types of batch processing are possible with just one processing facility. This 

grants a company a greater degree of diversity in its manufacturing capacities.
 [6]

  

Traditional development of a batch synthesis focuses on the reaction itself and works 

to improve in terms of yield and selectivity. However other aspects, including 

automation in synthesis, workup and isolation, still remain of fundamental 

importance. 
[14] 

Consequently, this has led to enabling techniques 
[14]

 emerging, 

which Kirschning et. al. describes as “various traditional as well as new techniques 

which have been developed to speed up synthetic transformations and importantly 

ease workup as well as isolation of products”. 
[14]
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The use of batch processing plants is common in industry. Some examples of batch 

processes are beverage processing, biotech products manufacturing, dairy 

processing, food processing, pharmaceutical formulations and soap manufacturing.
[6, 

12]
  

The batch method of synthesis also has its challenges. This is especially noticeable 

when an operation needs to be scaled up. The equipment that is required to satisfy 

industry size yields is expensive and often the cost becomes a limiting factor. This is 

often the reason that leads to batch processes being redesigned. When larger yields 

can be handled, they often are unable to reproduce the product quantity seen in lab 

scale reactions on a production scale. Factors that are involved in this decrease in 

product quality include a decrease in the mixing efficiency and the heating. Both 

these factors are dependent on surface area rather than volume. While both the 

volume and the surface area increase while scaling up, the scale is usually related to 

a linear dimension. Due to volume increasing by a power of three and the surface 

area by a power of two, a difference is produced in the scaling that leads to uneven 

heating and the mixing. This creates hot spots and concentration gradients within the 

reacting material that can destroy an entire batch.
[15, 16]  

If a synthesis is based on a very fast precipitation reaction, then correct stoichiometry 

of the product is attained through maintaining the correct reagent stoichiometry in 

the reaction medium.
 [4, 17, 18]

 This is ultimately impossible to attain in a batch process 

when reaction times are faster than the characteristic mixing times, typical of large 

batch reaction vessels. Stirring in classical reactors, such as round bottomed flasks 

and larger batch reactors are limited by inconsistencies in the flow fields created by 

the stirring mechanism. As the fluid approaches the stirrer, convection is induced. 
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This results in turbulence, which leads to chaotic mixing. 
[19-21]

 The shear forces that 

cause the convection are considerably diminished further away from the stirrer.  If a 

reaction is highly exothermic, then a fast release of energy during the synthesis under 

batch reaction conditions significantly affects the reaction environment and gives 

rise to risks to process safety. 
[17, 22-25]

  

 

Continuous flow process 

A continuous production is a flow production method that produces a material 

without interruption. This allows for long operating hours which need a minimal 

amount of intervention and maintenance. This type of processing is often used in 

large scale chemical plants. Some of the common continuous flow processes include; 

oil refining, bulk chemical (commodity) synthesis, metal smelting and sanitary waste 

water treatment.
[26]

 A continuous process negates the need to leave tanks and pipes 

full of unreacted materials, which avoids the possibility of creating any unwanted 

chemicals. Continuous processes also require less energy to operate them due to 

efficient energy recovery when serving for long periods of time meaning the 

processing plant reactors do not need to be frequently shut down.
[27]

 

When producing a limited number of products in a high volume, continuous flow is 

typically used as it allows for the use of specialised equipment that facilitates the 

production.
[2, 16]

 Continuous reactors typically consist of tubes made from non-

reactive materials such as stainless steel, glass and polymers. A variety of mixing 

methods, including diffusion (the diameter of the reactor must be small) and static 
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mixers, can be incorporated.
[28]

 Some examples of flow reactors are spinning disc 

reactors,
[26, 29-31] 

microreactors
[19, 32]

 and hex reactors.
[33]  

Continuous flow processes are easily automated and are very reproducible. 
[14]

 They 

are safe and reliability of the process can be maintained due to constant reaction 

parameters such as, temperature, time, amount of reagent and solvent. 
[14]

 A 

continuous flow process can also be improved by the combining them with other 

chemical techniques. 
[14, 34, 35]

 These techniques can include microwave assistance 
[36-

38]
, the use of immobilised reagents and catalyst. 

[39, 40]
 They can also take advantage 

of new fluids such as supercritical CO2 and ionic liquids. 
[14, 41]

 Production rates can 

vary from nanolitres to litres per minute.
[15, 16, 42, 43]

 

A continuous flow reactor presents greater control over reaction conditions including 

heat transfer, time and mixing, ensuring consistency in each of these factors 

throughout the reaction.
[31, 44]

 The residence time of the reagents in the reactor (i.e. 

the amount of time that the reaction is heated or cooled) is calculated from the 

volume of the reactor and the flow rate through it. 

Residence time = Reactor Volume / Flow Rate 

Therefore, to achieve a longer residence time, reagents can be pumped more slowly 

and/or a larger volume reactor used. 
[44]

  

There are many benefits to using a continuous flow process. Reaction temperatures 

can be above a solvent's boiling point due to the contained pressure of the system. 

Mixing can be achieved within seconds at the smaller scales, achieving rapid and 

homogenous mixing throughout the process.
 [19, 45-47]

 The thermal mass of the fluid is 

typically far lower than the thermal mass of the system (and orders of magnitude less 
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than with batch chemistry). This makes controlling the temperature of the reactor 

both faster and easier, making certain that exothermic and endothermic process can 

be conducted without issue.
[48] 

With efficient temperature control, residence times 

may be shortened while still providing the required yield. 
[17, 49]

 

Continuous flow techniques are becoming an increasingly popular approach to 

streamlining multi-step synthesis. By combining multiple stages of a synthesis 

together, one continuous reactor network can be created.
[14, 16, 17, 19, 26, 50-54]

 Such an 

approach has been called a ‘one-flow, multi-step’ synthesis.
 [17, 55]

 The traditional 

path-way for multi-step synthesis proceeds via a batch process and iterative step-by-

step transformations. After each synthetic step products would require isolating and 

purifying before the next batch reaction could be performed.
[42]

 With a continuous 

flow process it is possible to arrange a flowing system in which purification is 

coupled with the reaction. This circumvents the necessity to isolate intermediate 

product.
[17, 43, 44]

 This becomes extremely beneficial as some intermediate 

compounds are unstable, since they will exist only momentarily and in very small 

quantities.
[17]

 It is possible to arrange the system such that further reagents can be 

introduced into the flowing reaction stream at precisely the time point in the reaction 

that is desired. 
 

 Coupling the output of the reactor to a detector system makes it possible, with 

appropriate controls, to create an unattended system which can sequentially 

investigate a range of possible reaction parameters (varying stoichiometry, residence 

time and temperature). This allows for the optimisation of reactions with little or no 

intervention.
[17, 18]
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Scale up of proven reactions can be rapidly achieved with little process development. 

By either changing the reactor volume or by running several reactors in parallel 

yields can be increased without altering the original chemical reaction, provided that 

flow rates are recalculated where necessary to achieve the same residence times.
[15, 

17, 42, 44, 49]
 

Continuous flow processes do not come without draw backs. The materials used for 

the equipment must be inert to all the reagents and solvents. This can be problematic 

when performing multistep reactions as it can be a necessary to use different solvents 

at different stages. Expensive reaction columns can be degraded and require 

replacing. Other facilities may still be needed to purify the product with additional 

treatments. Problems are known to arise with different kinetics of reaction. 
[14, 26, 56]

 

Overall, with the resulting product generally being oils or liquids, the continuous 

method of synthesis has been established and becomes increasingly popular in the 

synthesis of organic compounds.
[17, 22-25] 

Currently, designs are being developed to 

adapt this technology to the preparation of inorganic materials. Problems can arise 

from the formation of precipitates in the narrow reactor channels, which create 

blockages.
[15, 26, 56] 

However with recent developments it has been possible to 

synthesize a range of materials, including salt-like inorganic nano-particles,
[57, 58]

 

metals 
[59-61]

 and semiconductors,
[62]

 by using microreactor technology.  

Aim of the thesis 

The aim of this project is to translate the synthesis of hydrotalcites and zirconium 

basic sulfates to a continuous flow process. Both these materials are made by MEL 

Chemicals Ltd. which has an interest in converting their batch processes to 
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continuous flow processes. It is the aim of the project to attempt to produce these 

materials by a continuous route and to explore the physical properties of the 

materials, involving comparison with materials made in a batch made process. For 

hydrotalcites, the capacity to act as a solid CO2 absorbent will be investigated, as 

well as their ability to perform as catalysts. For zirconium basic sulfate an interest 

was whether the size of the particles could be controlled during the synthesis 

process. By varying certain conditions in the batch process, MEL Chemicals Ltd. 

found that particles of different sizes could be produced. It is the aim of this project 

to investigate whether these effects can be reproduced under flow conditions. 
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Chapter 2 – Synthesis of hydrotalcites in a continuous flow process 

Literature Review 

Hydrotalcites were discovered in Sweden around 1842. The first accurate formula 

for a hydrotalcite (Mg6Al2(OH)16CO3·4H2O) was determined by Professor E. 

Manasse at University of Florence who was the first to comprehend that carbonate 

ions were vital to the structure.
[63, 64]

 Since their discovery, hydrotalcites, and 

products of their decomposition, have mainly found applications in catalysis. 

Examples of their use in this capacity in polymerisation reactions 
[65, 66]

, aldol 

condensation reactions 
[67-70]

, ester  exchange reactions 
[71]

, dehydrogenation 

reactions 
[72]

 and Michael additions 
[73-75]

 can be found in the literature. Hydrotalcites 

have also found a use in medicine as an antacid, relieving the symptoms of ulcers 

and heartburn. The possibility of using hydrotalcites as high temperature CO2 

adsorbents arose from previous adsorption work carried on various metal oxides, 

including MgO, CaO and Al2O3. Since then, hydrotalcite materials have become a 

popular target as potentially suitable adsorbents for CO2.
[76-85]

 

Hydrotalcites are a class of naturally occurring anionic clay known as double-layered 

hydroxides. 
[86-90]

 The most common hydrotalcite is generally of the formula 

Mg6Al2(CO3)(OH)16·4H2O. 
[86, 89-96] 

They are made up of two distinct layers, a 

positively charged lattice structure and layer of counter anions. These layers link 

together, forming a multi-layer structure. Each of these layers will be described 

individually.  

The first layer is an ionic lattice structure described as a brucite-like layer, being 

repeating units of octahedral hydroxide with both divalent and trivalent metal 
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centres.
[63, 64, 87, 92, 94, 95, 97-104]

 By substituting some of the divalent metal centres with 

trivalent metal centres a positive charge is attained across the whole lattice structure.
 

[64, 86, 88, 90, 94, 98-100, 102-107]
 The lattice is described by the formula [M

II
1-x M

III
x (OH)2]

 

x+
. 

[93, 105] 
While the value of x can differ within the literature, it can generally be seen 

that the value is between 0.2 and 0.33 (Table 1). Due to the repulsion of positive 

charges, M
III

 cations remain distant from each other in the lattice. For the optimal 

value of x, M
III

 octahedra cannot be adjacent.  

Table 1. The values of x found in the literature 

Value of x Reference 

0.2 - 0.33 Rey
[98]

, Mantilla
[108]

, Palmer
[107]

 

0.1 – 0.5 Chen
[106]

 

0.25 Millange
[92]

, Climent
[103]

, Miyata
[93]

 

0.17 – 0.33 Kloprogge
[87]

 

 

The bivalent and trivalent metal centres are not always necessarily magnesium and 

aluminium. Any bivalent or trivalent transition metal with redox properties and an 

ionic radius similar Mg
2+ 

or Al
3+

 can adopt the same octahedral arrangement (Figure 

1) and produce a hydrotalcite-like compound. 
[63, 90, 95, 100-102, 109, 110] 
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Figure 1. Diagram illustrating the structure of the lattice layer, showing the repeating 

octahedral units.
[111]

 

The second layer is formed due to the positive charge of the lattice layers, attracting 

and intercalating with anions to compensate for the charge discrepancy.
[86, 88, 90, 92, 96, 

101, 103-105, 107]
 This becomes a multi-layered structure of alternating lattice and 

interspatial anion layers (Figure 2.).
[94, 112]

 The interspatial anion layers are generally 

described by the formula [Xz·4H2O]
2-

.
[93, 96, 106]

 X can represent any anion. Z is 

determined by the number of moles of the trivalent cation found in the lattice being 

divided by the charge on the anion. 
[91] 

These interspatial anions and water are 

usually labile and so exhibit anion exchange capacity. 
[90, 101, 112]

 Anion affinity has 

been found to be based on the size of the ion and its associated charge. Monovalent 

anions have a lower affinity than divalent anions and will be more likely to 

participate in ion exchange reactions. 
[90]

 Though water molecules are usually present 

in the crystalline structure it is possible to obtain an anhydrous material by heat 

treatment. 
[86, 112] 

Though any anion, such as MoO4
2-

, ClO4
-
 or SO4

2- [86, 90, 99, 102, 109, 

110, 112]
,
 
may be used in the formation of a synthetic hydrotalcite-like materials, this 

project focuses on the production of hydrotalcites with CO3
2-

 anions. Therefore the 

formula for these layers will be [CO3
.
4H2O]

2-
. The anions found in-between the 

-2 
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brucite layer are generally found in three environments, the first being the anions 

bonded to the brucite layer by hydrogen bonding. Anions are also hydrogen bonded 

to the water found in the interspatial gap and they can be unbound anions.
[90]

 

 

Figure 2. Diagram illustrating the co-ordination the lattice layer shown as the 

tetrahedral blocks and the interspatial anions represented as the spheres.
[113]

 

Allada et al records an enthalpy of formation (ΔfH) of -1165.98 ± 2.06 kJ/mol (at 

298 K) for a material identified as Mg0.74Al0.26(OH)2(CO3)0.13·0.39H2O.
[114, 115]

 (See 

Table 2). In the same experiment it was found that the same material had an entropy 

change (ΔS) that measured 85.58 J/mol · K. 
[114]

 This was used to calculate the 

Gibb’s free energy of formation (ΔfG) which is given as -1043 kJ/mol. 
[114]  
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Table 2. A table showing the thermodynamic properties for hydrotalcite. 

Values at 298 K  ΔfH kJ/mol ΔS J/(mol · K)  ΔfG kJ/mol 

Hydrotalcite made 

Allada 

-1165.98
[114, 115] 85.58 

[114]
 -1043 

[114]
 

 

By far the most common method of synthesis for hydrotalcites is by co-precipitation.  

This involves the drop-wise addition of magnesium and aluminium salts in solution 

to a solution of sodium carbonate. The pH is kept constant between 9 and 10. This is 

maintained by the addition of sodium hydroxide.  Mixed with vigorous stirring the 

resulting precipitate is aged at elevated temperatures. 
[72, 87, 92, 93, 98, 103, 105, 106, 108, 116]

 

Another method involves the hydrolysis of urea in the presence of the magnesium 

and aluminium salts.
 [88, 94, 116]

 It is reported that using the base retardant as a 

precipitating agent, the nucleation and particle growth can be separated, preventing 

aging before it begins. 
[116]

  

Experimental 

Materials Preparation 

The samples made in batch (HTCB) were prepared by co-precipitation at pH 9.5 and 

ambient temperature, by the method described by Miyata (Figure 3).
[105, 114, 115, 117]

 A 

solution containing magnesium nitrate and aluminium nitrate dissolved in water was 

added by a HPLC pump (Knauer 100) at a rate of 3 mL min
−1

 with vigorous stirring 

to a solution of sodium carbonate dissolved in water. The NaOH solution was added 

by a manually controlled pump (Ismatec ISM597D) to maintain a pH 9.5 (see Table 
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2 for the quantities of the reagents). Once all the reagents had been added the 

mixture was left to age for 30 mins after which it was filtered through a Buchner 

flask and were dried in air for 12 hrs at 85 ºC.  

 

Figure 3. Arrangement of the equipment used for HTCB. 

The samples prepared under flow conditions (Figure 4) were made using a system 

comprising of a peristaltic pump (Ismatec ISM597D) fitted with 3-stop 0.51 ID mm 

PVC tubes and a Y-mixer (PEEK 0.5 mm). As the hydrotalcite formed it was 

observed that it slowed down in the tube. This caused a backup and eventually a 

blockage. Several attempts were made using different length reactors before a 

hydrotalcite material could be made. By shortening the reactor length blockages 

were prevented. The decision was made to explore the effect of shortening the 

reactor length. A reactor comprised a 2 cm long 0.51 mm ID empty PTFE tube was 

short enough to produce a material of solid nature. Once the slurry had been 

produced it was found that it would polymerise to produce an unusable polymer 

when it was collected in a container (HTCF). This was prevented by allowing the 
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reactor output to collect in a crystallising dish of water (Figure 5) that was 

continuously stirred (HTCFw).  

 

Figure 4. Arrangement of the equipment used for HTCF. 

The two feed solutions were pumped at a rate of 1.5 mL min
-1

 at ambient 

temperature. The first solution contained magnesium and aluminium nitrates 

dissolved in water. The second solution contained sodium carbonate and sodium 

hydroxide dissolved in water. Due to the inability of monitoring the pH and the fast 

rate of reaction it was decided that the hydroxide would be added by stoichiometric 

formula, as the other reagents are added. Following filtration through a Buchner 

flask the product was dried in air at 85 ºC for 12 hours.  

In an attempt to reduce the amount of nitrate in the material, several alterations to the 

method and starting reagents were investigated. Due divalent cations having a 

greater ion affinity than monovalent cations, the effect of doubling the amount of 

carbonate was looked into (HTCFc). It was considered that the pH may have been 

too low and this was encouraging the formation of monovalent bicarbonate ions 

instead of bivalent carbonate ions. Therefore the effect of doubling the amount of 

hydroxide was investigated (HTCFo). The effect of doubling both the carbonate and 

hydroxide (HTCFco) was also explored. As the with HTCFw, additional materials 



 

 

 

  
19 

 
  

were made with the standard flow parameters stated above and flowed into water, 

however it was decided to allow these materials to continue washing for 2 h (HTF2h) 

and 4 h (HTCF4h). 

 

Figure 5. Arrangement of the equipment used for all samples except HTCB and 

HTCF. 
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Table 3. The molar concentrations of reactants required for both batch and flow 

processes 

Sample 

Molar concentrations of the ions in the feed composition 

Mg
2+ 

(mol/l) 

Al
3+ 

(mol/l)
 

CO3
2- 

(mol/l)
 

OH
- 

(mol/l)
 

HTCB 

3 1 

0.5 

Varied to 

maintain pH 

HTCF 

8 HTCFw 

HTCFc 1 

HTCFo 0.5 

16 

HTCFco 1 

HTCF2h 

0.5 8 

HTCF4h 

 

Procedures of analysis 

X-ray diffraction (XRD) yields information on crystalline phases within the 

sample. X-rays are of the wavelength ca. 10
-10 

m which is the same order of 

magnitude as the internuclear distances between atoms, i.e. crystalline phase.
[118]

 

XRD requires the sample to be irradiated with x-rays at different angles. Powder 

diffraction is used as it assumes that a fraction of crystals are in the correct 

orientation to give rise to diffraction. As the X-rays strike the atom they are scattered 

by the electrons. If the scattering atoms are arranged symmetrically with a 
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separation, these refracted waves will be in phase only in directions where their path-

length difference, 2d sin Ѳ, equals an integer multiple of the wavelength. In this 

equation d represents the spacing between diffracting planes and Ѳ is the incident 

angle of the x-rays. This means that as the angle of the x-rays changes, so does the 

path-length. This means the peaks change at different angles due to the path-length 

not always being equal to 2d sin Ѳ.
[28]

 

For hydrotalcite-type compounds this technique is useful to compare the crystalline 

structure of each sample and to get an idea of which conditions give better 

properties. This can be seen by the patterns that are produced. Substances with 

smaller crystalline domains will have wider peaks with amorphous material showing  

no reflections at all, however highly crystalline substances will have sharp peaks.
[119]

 

The XRD patterns have been well researched 
[86, 90, 92, 97]

 so it can be used to ascertain 

if the sample is indeed a hydrotalcite and not a mixture of oxides  

X-ray diffraction patterns were collected using a Bruker D8 Advance X-Ray 

Diffractometer, operating in step scan mode, with Co Kα radiation (1.78897Å). 

Patterns were collected in the range 5 to 75° 2θ with a step size of 0.02° and a rate of 

0.2s per step. Samples were crushed into a powdered form. The reflection positions 

were refined and calculated using the Celref v3.
[92]

 

Inductively coupled plasma - optical emission spectroscopy (ICP-OES) is a 

technique for identifying elements and the concentrations of those elements within a 

material. While it is compatible for use with most elements in the periodic table, it is 

mostly used to quantify metal concentrations.
[120, 121]

 The technique consists of two 

parts; the first being an inductively coupled plasma torch. The torch is comprised of 

three concentric quartz glass tubes through which the plasma gas flows. These tubes 
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are surrounded by a work coil of a radio frequency generator.
[121]

 Argon gas is 

flowed through the tube and is ignited by a Tesla unit to initiate ionisation. The 

argon is then ionised in the electromagnetic field generated by the coil.
[122]

 Stable 

high temperature plasma of about 7000 K is generated by the inelastic collision 

between the neutral argon atoms and charged particles. 

A peristaltic pump delivers an aqueous or organic sample into a nebulizer where it is 

introduced directly inside the plasma flame.
[121, 122]

 The sample immediately collides 

with the electrons and charged ions in the plasma, where it is broken down into 

ions.
[120]

 As the various molecules break down the atoms lose and take up electrons 

within the plasma, radiation is given off at wavelengths that are unique to the 

elements involved. Emitted photons focused into a diffraction grating where they are 

separated according to wavelengths. The photon flux intensity is then measured by 

photomultiplier tubes positioned at specific wavelength. The intensity is indicative of 

the concentration of the elements at the characteristic wavelength within the 

samples.
[123]

 

ICP-OES was performed by Exeter Analytical using a PE Optima 5300 Dual View 

ICP-OES Spectrometer. Samples were weighed to 6mg and placed into plastic 

microwave tubes and mixed with 5ml nitric acid (Analar grade) and 1ml hydrogen 

peroxide (Analar grade). The samples were digested using an Anton Paar Multiwave 

3000 microwave digester. The microwave method typically lasts an hour and a half. 

A maximum temperature of 200°C is achieved. Solutions were ensured to be clear 

before transfer. The samples were then transferred to 50ml centrifuge tubes and 

0.5ml of internal standard of yttrium added to each tube. The solutions were 

aliquoted to 50ml with de-ionised water. The samples were run against calibration 
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standards of known concentrations. The ICP-OES calibration used a curve from the 

standards, against which the intensity readings of the samples can be quantified. 

Standards containing 10, 30 and 50ppm of Al, Mg and Ni were used in this analysis.  

CHN analysis derives its name from the three elements it is used for: carbon, 

hydrogen and nitrogen. The analysis uses combustion to break down the material. 

Analysis of carbon, hydrogen and nitrogen was performed by Exeter Analytical 

using a CE 440 Elemental Analyser. Samples were weighed around 1-2 mg and 

placed into a high temperature furnace. Once combusted in oxygen the products 

were passed through additional oxidation reagents to produce carbon dioxide, water, 

nitrogen and nitrogen oxides. The gases were then passed over copper to remove 

excess water and reduce the nitrogen oxides to elemental nitrogen. The detection of 

the combustion products was produced by using thermal conductivity detectors.  

Raman spectroscopy relies on the Raman Effect, which occurs when the 

electromagnetic wave of light interacts with the electrons present in molecular 

bonds. The incident photons excite the molecule from a ground state to a virtual 

energy state. Primarily rotational and vibrational energy states are being excited, but 

phonon and acoustic vibrations are active for solids. When the molecule relaxes it 

emits a photon and it returns to a different energy state. The difference between the 

original ground state and the new energy state leads to the emitted photon's 

frequency being different to the frequency of the incident photon. If the emitted 

photon has a lower frequency than the incident photon then this is designated as a 

Stokes Shift. If emitted photon has a higher frequency then this is designated as an 

anti-Stokes shift. 
[28] 

This provides information on properties of material bond 

interactions of the elements.  
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Samples were placed on the stage of Olympus BX41 microscope, equipped with 10x 

and 50x objectives and were part of a Horiba LabRAM HR Raman microscope 

system, which also included a Synapse Horiba Jobin Yvon detector model 5828-

0809 and a filter system. Raman spectra were excited by a neodymium-doped 

yttrium aluminium garnet (Nd:YAG) laser (532.8 nm). The spectrometer had a 

nominal resolution of 4-6 cm
-1

 in the range between 0 and 4000 cm
-1

. Repeated 

acquisition using the highest magnification were accumulated to improve the signal 

to noise ratio. Spectra were calibrated using the 520.5 cm
-1

 line of a silicon wafer. 

Nuclear Magnetic Resonance (NMR) spectroscopy is an analytical technique used 

for the determination of the content and purity of a sample, as well as the molecular 

structure. NMR is capable of analyzing mixtures containing both known compounds 

and unknown compounds. Being a well-researched analysis, many data tables and 

libraries of previous results are available to compare unknown results obtained 

during a spectroscopic analysis.
[118]

 If a compound’s molecular structure is already 

known, NMR can be used to determine the molecular conformation. 

The principle behind NMR is that some nuclei have spin.
[28, 118]

 This is when the 

total angular momentum of the nucleus equals +/- ½ and the effect creates a 

magnetic field. If an external magnetic field is applied, the magnetic fields of the 

spinning nuclei will either align with or against the external field. Eventually all the 

nuclear spins will align with the external magnetic field, as it is the lowest energetic 

state and therefore more favorable. When a radiofrequency is passed through a 

sample an energy transfer is possible between the base energy to a higher energy 

level. The precise resonant frequency of the energy transition is dependent on the 

effective magnetic field of the nucleus. This field is affected by the electron 
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shielding which is in turn dependent on the chemical environment.
 [118, 124]

 As a 

result, information about the nucleus’ chemical environment can be derived from its 

resonant frequency. In general, the more electronegative the nucleus is, the higher 

the resonant frequency.
[118, 124]

 

Single pulse 
27

Al Magic Angle Spinning (MAS) was performed on a 14.1 Tesla 

Bruker Avance II+ spectrometer (600 MHz for 
1
H)

 
operating at a Larmor frequency 

of 156.34 MHz These measurements utilised a 3.2 mm HX Bruker probe which 

enabled a MAS frequency of 20 kHz. The flip angle calibration was performed on 

1.1 M Al(NO3)3 from which a ‘non-selective’ (solution) π/2 pulse time of 9 μs was 

measured. This corresponded to a ‘selective’ (solid) pulse time of 3 μs for the I = 5/2 

27
Al nucleus. All measurements were undertaken with a π/6 tip angle to ensure all 

sites are excited evenly. All 
27

Al shifts were reported against the IUPAC 

recommended primary reference of 1.1 M Al(NO3)3 in D2O. 
[125]

 A common 

relaxation time of 0.5 s was deemed to be sufficient for all 
27

Al measurements. To 

prepare the samples for insert into the 3.2 MAS rotor, samples were ground in an 

agate pestle and mortar until a fine powder was achieved. This resulting powder was 

then packed into a 3.2 mm Bruker MAS rotor and the single pulse 
27

Al MAS 

experiments were performed. 

Porosimetry is an analytical technique used to determine various quantifiable 

aspects of a material's porous nature, such as pore diameter, total pore volume, 

surface area, bulk and absolute density.  This is achieved by making a series of 

calculations using data on nitrogen adsorption isotherms at liquid nitrogen 

temperature; BET, BJH and de Boer t-Plot were applied.  
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The method of Brunauer, Emmet and Teller (BET) is employed to determine surface 

area on a model of adsorption which incorporates multilayer coverage.  

𝑃

𝑉𝑎(𝑃0 − 𝑃)
=

1

𝑉𝑚𝐶
+

𝐶 − 1

𝑉𝑚𝐶

𝑃

𝑃0
 

In this equation, P and P0 are the equilibrium and saturation pressure, respectively, of 

the adsorbates at the temperature of adsorption, Va is the adsorbed gas quantity 

corresponding to an equilibrium pressure (P), Vm is the volume corresponding to 

monolayer coverage and C is a constant which is large when the enthalpy of 

desorption from a monolayer is large compared with the enthalpy of vaporisation of 

the liquid adsorbate.
[28]

  

The method of Barrett, Joyner and Halenda (BJH) is a procedure for calculating the 

pore size distribution from experimental isotherms using the Kelvin model of pore 

filling. It applies only to mesoporous and small macropore size range.  

𝑣𝑎𝑑𝑠(𝑥𝑘) = ∑ ∆𝑉𝑖(𝑟𝑖

𝑘

𝑖=1

≤ 𝑟𝑐(𝑥𝑘)) + ∑ ∆𝑆𝑖

𝑛

𝑖=𝑘+1

𝑡𝑖(𝑟𝑖 > 𝑟𝑐(𝑥𝑘)) 

In this formula, vads(xk) is the volume of adsorbate at relative pressure xk. V 

corresponds to the pore volume, S is surface area and t is the thickness of adsorbed 

layer. This formula says, that the adsorbed amount at k-th point of adsorption 

isotherm may be divided into 2 distinct parts:  1
st
 is a volume in condensate in all 

pores smaller than some characteristic size depending on current relative pressure, 

rc(xk), 2
nd

 is a volume of adsorbed film on all larger pores, calculated a sum of terms: 

Σ (pore surface) (thickness of film in pore). 
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The Kelvin equation describes the change in vapour pressure due to a curved liquid-

vapour interface and is used to describe the meniscus that forms in capillary 

condensation. Vapour condensation in a capillary occurs below the saturation 

pressure due to an increase in van der Waals interactions between the vapour phase 

molecules in the confined space. The Kelvin provides a relation for the difference 

between the actual vapour pressure and the saturation vapour pressure. The equation 

may be written in the form; 

𝐼𝑛
𝑃

𝑃0
=  −

2𝛾𝑉𝑚

𝑟𝑅𝑇
 

where P is the is the actual vapour pressure, P0 is the saturated vapour pressure, γ is 

the surface tension, Vm is the molar volume of the liquid, r is the radius of the pore, 

R is the universal gas constant and T is the temperature. 
[126]

 

The sorption instrument used was a Micromeritics ASAP 2020 Accelerated Surface 

Area and Porosimetry System, with software is ASAP 2020 v3.03. Calculations were 

performed by Ben Douglas in the Department of Chemistry, University of Warwick. 

Samples were added to sample tubes which were then fitted with a glass filler rod 

and a seal frit.  They were prepared by outgassing heating from room temperature to 

150 C at 10 C/min whilst evacuating at a rate of 5 mm Hg/s, until a pressure of 10 

mtorr (µm Hg) was achieved. The temperature was then increased to 200 C (at 10 

C/min) and held for 1 hour.  The sample was then cooled and the sample tube 

backfilled with nitrogen, and weighed to obtain the dry mass used in subsequent 

calculations. The cold and warm free space was measured automatically by filling 

the sample tube with helium prior to analysis. 
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The sample tube was immersed in a bath of liquid nitrogen, and fitted with an 

isothermal jacket to maintain the level of the cryogen around the tube.  Full nitrogen 

adsorption isotherms were collected. 

 BET analyses were performed on adsorption data in the relative pressure range 0.06 

to 0.26.  BJH analyses were carried out on the adsorption branch from 0.29 – 1.00, 

and data from 0.92 – 0.1in the desorption branch. 

 

Results and Discussion 

X-Ray Diffraction 

Hydrotalcites exhibit symmetric peaks in the low 2θ range. At high 2θ values the 

reflections become weaker and lose their symmetry.
[92]

 The indices of reflection 

(003) and (006) are clearly identifiable with reflections at 11.1
o
 and 22.7

o
 

respectively.
[86]

 The reflections of (009) and (102) are overlapped producing a 

broader signal at 34.5
o
.
[86, 92]

 The (105) reflection is found at 38.6
o
 and reflection 

(108) is found at 45.8
o
.
 [86] 

Two reflections of (110) and (113) can easily be identified 

at 60.3
o
 and 61.6

o
. 

[86, 92] 

The pattern produced by HTCF (Figure 7) did not correspond to pattern described 

above. While some of the required reflections were present, they were weak when 

compared with the addition reflections that had also appeared. In particular a 

reflection found at 30
o
 was prominent, however, it has yet to be definitively 

identified. It was concluded that while it did form some hydrotalcite the particles 

reacted further, producing a polymer-like substance. It was found that this could be 
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compensated for by flowing the product into water (HTCFw). The sample was 

excluded from further analysis for not being considered relevant to the project.  

Both HTCB and HTCFw (Figures 6 and 8 respectively) did show the familiar XRD 

pattern described above and the intensity of the reflections were in a similar ratio to 

one another. The only difference of note was the reflections of HTCFw were 

broader; a broader signal would indicate smaller crystalline domains. For HTCF2h 

(Figure 12) the reflections at lower 2Ɵ remained at the same intensities relative to 

each other but the reflections at a higher 2Ɵ began to lose definition. With all 

required caution, overall reflex intensities were tentatively lower than those observed 

for HTCFw which are consistant with even smaller crystalline domains computed by 

the Scherrer equation below. For HTCF4h (Figure 13) the reflection (003) had been 

significantly reduced and definition of the reflection across the whole pattern had 

begun to degrade. The reason for this loss of definition became more apparent when 

this analysis was compared with the BET and BJH analyses. It was likely caused by 

the extended washing phase of its production. Also observed for HTCF2h and 

HTCF4h was a shift in the reflections to higher 2Ɵ. 

Samples HTCFc, HTCFo and HTCFco (Figures 9-11 respectively) all produced 

patterns that displayed the indices indicative of a hydrotalcite structure. Yet these 

samples, especially the samples containing additional hydroxide, displayed 

reflections that were not typically seen with this structure. This would suggest that, 

like HTCF, additional reactions had taken place to form a polymer-like substance, as 

well as forming additional materials, which were formed by the altered 

concentrations of hydroxide and carbonate. It was decided that these samples were 

no longer considered relevant in the project; however they were used occasionally 
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for analysis as an additional comparison to shed more light on what was occurring. 

All further analyses that feature in this work will focus on the remaining four 

samples.  
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Figure 6. The X-ray diffraction pattern of the sample HTCB. 
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Figure 7. The X-ray diffraction pattern of the sample HTCF. 



 

 

 

  
31 

 
  

 

10 20 30 40 50 60 70

0

1200

2400

3600

4800

6000

 

 

 X
-R

a
y
 C

o
u
n
ts

 /
 a

.u
.

2 / degrees
 

Figure 8. The X-ray diffraction pattern of the sample HTCFw. 
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Figure 9. The X-ray diffraction pattern of the sample HTCFc. 
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Figure 10. The X-ray diffraction pattern of the sample HTCFo. 
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Figure 11. The X-ray diffraction pattern of the sample HTCFco. 
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Figure 12. The X-ray diffraction pattern of the sample HTCF2h. 
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Figure 13. The X-ray diffraction pattern of the sample HTCF4h. 
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Table 4. Locations of the observed reflections for each of the samples. 

Sample 

Reflections hkl 

003 006 009 105 108 110 113 

HTCB 11.5 22.9 34.7 38.9 46.2 60.5 61.8 

HTCFw 11.5 22.9 34.6 38.9 45.7 60.5 61.8 

HTCFc 11.4 22.8 34.4 38.1 48.1 60.9 61.6 

HTCFo 11.3 22.5 35.3 38.5 46.6 60.1 61.4 

HTCFco 11.3 22.6 34.4 38.1 48.0 60.4 61.6 

HTCF2h 11.6 23.0 34.7 39.1 45.9 60.9 62.1 

HTCF4h 11.6 23.1 34.9 39.2 45.8 60.9 62.2 

 

The cell parameters for hydrotalcite are represented by (a); the distance between the 

metal centres, and by (c); three times the interspatial gap between the lattice layers. 

Analysis of the XRD patterns yields values for a and c were consistent with the 

literature (see Tables 5). The crystallite size (L) was calculated using the Scherrer 

equation:
 [92]

 
 

 
𝐿 =

𝐾𝜆

(𝛽(𝜃)𝑐𝑜𝑠𝜃)
 

 

 

where K is a dimensionless shape factor in this instance equal to 0.89, λ is the 

wavelength of the radiation used, β(Ɵ) is the full width at half maximum given in 

radians and Ɵ is the Bragg diffraction angle. 
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Cell parameters were calculated using the (003) reflection to find the c parameter 

and (105) reflections to find the a parameter. For HTCF4h the (006) reflection had to 

be used to find the c parameter due to the near disappearance of the (003) reflection. 

The parameters calculated from the X-ray diffraction patterns all showed similar 

distances between the metal centres (represented by the a parameter), which was 

neither affected by the different process methods or by the amount of time the 

material was washed for. The width of one lattice and one interspatial layer 

(represented by the c parameter) also remained consistent.  

The sizes of the crystallites were larger in the HTCB and HTCFw samples than those 

reported in the literature. Overall HTCFo had the largest of the crystallites with 

HTCFc and HTCFco having larger sizes too. Since these samples are thought to 

have undergone additional reactions bonding particles together, it was assumed that 

this had caused the difference in crystallite size. Crystallites for HTCB were bigger 

than the crystallites of HTCFw but were not significantly bigger. Once the flow 

samples had been washed, the crystallite size was closer to those found in the 

literature. This would mean that the larger surface that were seen in the BET (below) 

were due to the degrading of the particle to from a more porous material, rather than 

the particle increasing in size. 
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Table 5. Cell parameters and crystallite sizes of the hydrotalcite samples synthesised 

in the batch and flow conditions 

Sample 

Cell Parameters (nm) Crystallite Size 

(nm) a b c 

HTCB 0.31 0.31 2.33 7.16 

HTCFw 0.31 0.31 2.35 6.84 

HTCFc 0.31 0.31 2.32 11.9 

HTCFo 0.32 0.32 2.36 14.6 

HTCFco 0.31 0.31 2.34 11.6 

HTCF2h 0.31 0.31 2.23 3.88 

HTCF4h 0.32 0.32 2.26 3.67 

Millage 
[92]

 0.3 0.3 2.3 3.25 

Miyata 
[93]

 0.305 0.305 2.59 1.27 

Costantino 
[94]

 0.304 0.304 2.27 - 

Zavoianu 
[95]

 0.305 0.305 2.32 - 

Cavani 
[63]

 0.305 0.305 2.34 - 

 

Inductively coupled plasma – optical emission spectroscopy (ICP-OES) / Carbon, 

hydrogen and nitrogen analysis (CHN) 

The accepted formula for hydrotalcite is given as Mg6Al2(OH)16CO3·4H2O.
[63, 64]  

It 

would be expected that the results of ICP and CHN analysis would give a formula 

similar to this with some nitrate impurity due to the reagents used.  
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The main difference between HTCB and HTCFw was the percentage of the nitrate 

impurity. Nitrate stems from the reagents, being the counter anion to magnesium and 

aluminium. In HTCB, little nitrate was detected in the compound, while a 

significantly higher amount was found in HTCFw. The nitrate content was mostly 

removed by washing leaving its concentrations lower than that in HTCB. Washing, 

however, was shown to also reduce the Mg:Al ratio. For all other samples the ratio 

was close to 3:1. The washed samples showed ratios of 1.7:1 and 2.1:1 (see Table 6). 

As seen below in the space/time yields, yields decreased for the washed samples. 

When comparing the data in Table 6 with the X-ray diffraction data and the BJH 

data it was concluded that the decrease in Mg:Al ratio seen after 2 hrs was likely due 

to the dissolution of magnesium into the washing water, from the lattices nearer the 

surface of the particles. The increase in ratio after 4 hrs was thought to be due to the 

loss of both magnesium and aluminium the lattices further dissolved in the washing 

water.  

The samples produced in flow showed a surprising affinity for monovalent anions. 

With exception of washed flow samples all showed an increased percentage of 

nitrate anions. Possible reasons are discussed in later analysis. The remaining 

percentage not represented by these two analytical techniques was consistent with 

what would be expected to be seen by the percentage of oxygen contained in both 

the lattice and counter anion layer. 
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Table 6. Result of ICP and CHN analysis for hydrotalcites synthesised in both batch 

and flow. 

 

ICP CHN Mg/Al 

ratio Mg (%) Al (%) C (%) H (%) N (%) 

HTCB 22.09 8.46 1.96 3.74 0.83 2.9:1 

HTCFw 17.67 6.93 1.54 2.95 3.32 2.9:1 

HTCF2h 16.08 10.36 2.71 3.48 0.24 1.7:1 

HTCF4h 17.33 9.35 2.87 3.53 0.03 2.1:1 

 

Using these values it was possible to gain an idea of the general formula of the 

samples made (Table 7); 

Table 7. A Table of the proposed formulas for the hydrotalcite samples. 

Sample Formula 

HTCB Mg6Al2(CO3)(OH)16·3.5H2O 

HTCFw Mg6Al2(CO3)(OH)15(NO3)·3.5H2O 

HTCF2h Mg3Al2(CO3)(OH)10·2.5H2O 

HTCF4h Mg3Al2(CO3)(OH)10·2.5H2O 

 

Raman Spectroscopy 

The literature (Table 7) on Raman analysis indicates vibration bands related to metal 

oxygen bonds involving both aluminium and magnesium. It is expected to see the 

bonds to carbonate and the nitrate, when nitrate is present.  

The band seen at 484 cm
-1

 was attributed to the vibrations of Al-O-Al. 
[90]

 Due to the 

repulsion of positive charge, aluminium atoms within the lattice are kept as far from 
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each other as possible. With a Mg:Al ratio 3:1 it was unlikely that an Al-O-Al bond 

would appear within the lattice itself. It was then assumed that these Raman bands 

are likely representing the excitation of the vibration of the bonds between the lattice 

layers. Being the centres of the charge imbalance, it is rational to assume it is at the 

aluminium cations where counter anions would be attracted to and link the layers 

together at adjacent aluminium cations. The band at 557 cm
-1 

corresponded to the 

vibrations in hydrotalcites of Al-O-Mg.
 [90]

 The band found at 717 cm
-1

  was 

assigned as ν4 bending mode of free nitrate anions, while the bands at 1043 cm
-1 

was 

assigned at the ν1 mode of the same free nitrate anion. 
[87, 109]

 The band at 1058 cm
-1

 

was assigned to the vibrations of the ν1 mode of free carbonate anion. 
[90, 102]

 The 

band seen 1068 cm
-1

 was assigned to carbonate anions bound to water within the 

hydrotalcite layers.
 [90, 102]

 The band seen at 1085 cm
-1

 was assigned to the ν1 

carbonate anions that are chemically bonded to the hydroxyl surface of the lattice 

layers.
 [90, 102]

 

Table 8. Band assignments in typically hydrotalcite Raman spectra 

Wavenumber (cm
-1

) Assigned Bond 

484 Al-O-Al. 

557 Al-O-Mg 

717 ν4 bending mode free nitrate anions 

1043 ν1 mode of the same free nitrate anion 

1058 ν1 mode of free carbonate anion 

1068 
carbonate anions bound to water within 

the hydrotalcite layers 

1085 
ν1 carbonate anions that are chemically 

bonded to the lattice layers 

1383 bicarbonate anions 
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The bands seen between 474 and 481 cm
-1 

on all the samples were assigned to the 

aluminium that is linked together by oxygen (Al-O-Al) as would likely be found in 

the lattice.
 [90]

 The bands for the aluminium linked to magnesium by oxygen (Al-O-

Mg) are found between 547 and 559 cm
-1

.
 [90] 

Vibrations associated with the bonds of 

magnesium linked to magnesium by oxygen were not seen by the Raman. The bands 

at 718 and 723 cm
-1 

were assigned to the ν4 mode of nitrate anions 
 [87, 109]

 and the ν1 

mode of the nitrates were found at 1041 and 1049 cm
-1 [87, 109]

 The latter nitrate bands 

were not seen for the washed flow samples. This was expected since CHN analysis 

showed that washing removed the nitrates from the material (see Figures 16 and 17). 

The ν1 symmetrical stretching mode of carbonate in was assigned between 1051 and 

1074 cm
-1

 
[90, 102, 127]

 with the unwashed flow sample (HTCFw see Figure 15) 

displaying the higher band frequency. HTCFw also show bands between 1083 and 

1085 cm
-1 

which was assigned to carbonate anions bound directly to the lattice layer 

[90, 102]
 This sample also displayed bands at 1383 cm

-1 
and this band was assigned to 

bicarbonate anions (see Figure 18). The samples HTCFc, HTCFo and HTCFco 

(Figure 19) were also unwashed flow samples and they too displayed the bicarbonate 

band. When Raman spectroscopy results were related to CHN analysis data it was 

observed that samples that remained unwashed, after being produced in a flow 

process, bonded with more nitrate and bonded with the carbonate as monovalent 

anions.   
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Figure 14. Raman spectra for hydrotalcite HTCB. The spectra display the metal-

oxygen peaks (above) and the carbonate peaks (below). 
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Figure 15. Raman spectra for hydrotalcites HTCFw. The spectra display the metal-

oxygen peaks (above) and the carbonate peaks (below). 
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Figure 16. Raman spectra for hydrotalcites HTCF2h. The spectra display the metal-

oxygen peaks (above) and the carbonate peaks (below). 



 

 

 

  
44 

 
  

400 500 600 700 800

 

 

R
am

an
 I

n
te

si
ty

 /
 a

.u
.

Wavenumber / cm
-1

475

555

900 950 1000 1050 1100 1150 1200

 

 

R
am

an
 I

n
te

n
si

ty
 /

 a
.u

.

Wavenumber  / cm
-1

1055

 

Figure 17. Raman spectra for hydrotalcites HTCF4h. The spectra display the metal-

oxygen peaks (above) and the carbonate peaks (below). 
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Figure 18. The Raman spectra of the bicarbonate vibration range for HTCB, 

HTCFw, HTCF2h and HTCF4h. 
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Figure 19. The Raman spectra of the bicarbonate vibration range for HTCFc, 

HTCFco and HTCFo. 
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Aluminium Nuclear
27

 Magnetic Resonance 

The environment of the dominating aluminium species detected at 9.7 ppm was 

similar for all of the samples regardless the methods of preparation (Figure 20 and 

21). The position of the peak showed the aluminium to be six coordinated in the 

octahedral position. 
[74, 98, 128-130]

 However, there was a clear broadening towards the 

lower chemical shift observed for washed samples, which was especially pronounced 

for the HTCF2h material. The broadening was most pronounced in samples showing 

the strongest deviation from the ideal Mg/Al ratio of 3. The most likely explanation 

was the formation of an X-ray amorphous alumina rich species due to washing of the 

samples. Washing out the aluminium element of the lattice would be harder to do 

due to aluminium acting as a bridge between the layers. This would encourage 

magnesium oxide to be washed out first, leaving the surface aluminium oxide rich. 

This change in the surface condition would not be registered by XRD as aluminium 

oxide is amorphous. Aluminium coordination in the latter nano sized cluster was 

obviously octahedral. Most likely the latter species was located close to the sample 

surface. The findings suggest that regardless of the process used in the production of 

the hydrotalcite the aluminium always functioned in a similar manner. The 

coordination number further supported the idea that aluminium was bonded to the 

counter anions found in the interspatial layer and acts as a bridge when the 

aluminium in opposing layers align. Washing leads to modification such that clusters 

(or pillars) of octahedral coordinated aluminium forming upon the depletion of 

magnesium. More extended washing finally resulted in partial dissolution of the 

aluminium rich clusters (or pillars).
[131]
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Figure 20. Al-NMR of HTCB (top) and HTCFw (bottom), showing the 

environments of the aluminium and the anions coordinated to it. 
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Figure 21. Al-NMR of HTCF2h (left) and (HTCF4h), showing the environments of 

aluminium and its coordination. 
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Surface area and pore size distribution analysis 

The samples produced in batch and flow processes displayed a Type IV isotherm. A 

Type IV isotherm displays the same adsorption as a Type II isotherm. A Type II 

isotherm is obtained by adsorption on non-porous or macroporous powders. It 

represents unrestricted monolayer-multilayer adsorption on a heterogeneous 

substrate. These layers may exist simultaneously at different layers, but a monolayer 

completion is assumed if a point of inflection is observed (point B in figures 22-25). 

[132]
 Type IV differs from Type II when the desorption branch follows a different 

path to the adsorption branch forming a hysteresis. As the relative pressure 

approaches 0.4 the desorption branch closes on the adsorption branch. The hysteresis 

is attributed to capillary pores from which molecules of the adsorbed gas do not 

desorb as readily as they are adsorbed. This is due to a vapour lowering over a 

concave meniscus formed by the condensed liquid in the pore. Type IV isotherms are 

commonly found with many mesoporous adsorbents.
[76, 132]

  

The larger surface area of HTCB (Table 8 and Figure 22) would indicate that the 

material had macropores but the hysteresis indicates mesopores were also in its 

structure. The small surface area of HTCFw (Figure 23) would suggest that this 

material did not have the same macropores found in HTCB. The hysteresis was more 

pronounced in the flow material indicating that the mesopores were present in the 

structure.  The conditions of sample pre-treatment in nitrogen physisorption were 

optimized to maintain sample integrity. It was intended to clear the pore structure 

from residual water without major release of carbon dioxide which was involved in 

the inter-layer assembly. As a result of optimisation, outgassing was performed 

under vacuum at 200°C for 1h. However, as will be shown in Chapter 3 there was 
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already slight thermal decomposition of the hydrotalcite observed at 200°C through 

TGA and DTA. Water removal from the structure occurred between ambient and 

250°C with the DTA trace not returning to zero. For that reason, it was possible that 

the outgassing of HTCFw led to the formation of a weakened structure only stable 

under vacuum. This structure was then completely or partially collapsed upon raising 

the nitrogen to atmospheric pressure during the sorption experiment. It is interesting 

to note the degree of collapse scaled with extent of the hysteresis observed between 

the adsorption and desorption branch. As the hysteresis increased so too did the 

degree of collapse that was observed. Tentatively, capillary forces seem to be 

important in the decline of the surface area, resulting in the desorption branch ending 

with a lower amount of nitrogen being adsorbed.  

HTCF2h (Figure 24) exhibited a surface area increase to an area larger than the batch 

samples and displayed an isotherm much closer related to a Type II isotherm. Due to 

the loss of the nitrates and the magnesium in the washing process, the mesopores of 

the material were opened up becoming macropores. This is evident by the hysteresis 

being nearly completely removed. The surface area for HTCF4h (Figure 25) had 

decreased again by nearly half. Most likely the above quoted delayed dissolution of 

aluminium rich pillars had led to a partial collapse of the macroporous structure. As 

a result, the remaining material showed a lower degree of crystallinity as confirmed 

in the x-ray diffraction (above) where corrosion in the crystal structure was observed 

and the crystallite size decreased. 
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Table 9. Information derived from the surface area analysis. 

BET Surface Area (m
2
/g) 

HTCB HTCFw HTCF2h HTCF4h 

48 5 98 55 
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Figure 22. Isotherm for HTCB. Adsorption (solid line) and desorption (dashed line) 
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Figure 23. Isotherm for HTCFw. Adsorption (solid line) and desorption (dashed line) 
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Figure 24. Isotherm for HTCF2h. Adsorption (solid line) and desorption (dashed 

line) 
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Figure 25. Isotherm for HTCF4h. Adsorption (solid line) and desorption (dashed 

line) 

BJH analysis was used to determine the pore volume and the distribution of the size. 

HTCB had a peak width 28 nm with a cumulative pore volume of 0.21 cm
3
 g

-1
. 

HTCFw had pores that were much smaller than batch. The peak width the pore was 

12 nm and had a volume of 0.0068 cm
3 

g
-1

. This would support the idea that HTCFw 

only had mesopores which were the cause of the hysteresis. The lack of macropores 

resulted in the lower surface area. 

The washed flow samples displayed similar distribution to each other and closer to 

HTCB. For HTC2h the distribution reached a diameter of 21 nm with a volume of 

0.15 cm
3
 g

-1
. HTCF4h reached a diameter of 21 nm with a volume of 0.09 cm

3
 g

-1
. 

The difference between the samples washed for 2 h and 4h was seen in the pore 

volume. The samples washed for 4 h had the same range as the samples washed for 2 

h but the volume for all the pores was reduced. In the x-ray diffraction (above) the 

crystallite size of the sample was seen to reduce with the longer washing, also 
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evident was the loss of the (003) reflection. This would suggest that the surface of 

the sample had been further corroded by the washing process.    

Table 10. Information derived from the pore size distribution analysis. 

BJH Adsorption cumulative surface area of pores between 1.7 and 300 nm diameter 

(m
2
/g) 

Batch Flow 2hrs 4hrs 

50 5 90 56 

BJH Desorption cumulative surface area of pores between 1.7 and 300 nm diameter 

(m
2
/g) 

Batch Flow 2hrs 4hrs 

110 11 111 64 
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Figure 26. BJH Plot showing the distribution of the pore size for HTCB. 
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Figure 27. BJH Plot showing the distribution of the pore size for HTCFw. 
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Figure 28. BJH Plot showing the distribution of the pore size for HTCF2h. 
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Figure 29. BJH Plot showing the distribution of the pore size for HTCF4h. 

 

Space-time Yield
 
 

Productivity of batch and continuous reactors was compared on the basis of obtained 

mass of dried product using the corresponding batch and continuous optimised 

protocols.
 [133]

 The calculation of STY for the flow process was based on the amount 

of product collected over the stated period of time at the given total feed flow rate. 

𝑆𝑇𝑌 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡(𝑘𝑔)

𝑡𝑖𝑚𝑒(ℎ) × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 (𝑚3)
 

For the batch method the value of time (h) included the time taken for the reaction, 

the time taken for ageing. The volume of the reactor (m
3
) was only the volume of the 

batch reactor. For the flow method the value of time (h) included the time taken for 

the reaction and any time taken to wash the sample. While the volume (m
3
) included 
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the flow reactor and the volume of water needed to quench the reaction. Separate 

results were calculated to include drying as all samples required a similar time. 

Table 11. Space-time yields for both batch and flow processes. 

Method 

Mass of product 

(kg) 

Reactor volume 

(m
3
) 

Reaction Time 

(h) 

STY 

(kg h
-1

 m
-3

) 

HTCB 0.016 ± 0.0015 0.000763 1.50 

14.09 ± 

0.97 

HTCFw 0.0019 ± 0.0006 0.0001 0.12 147 ± 39 

HTCF2h 0.0011 ± 0.0001 0.0001 2.12 5.21 ± 0.49 

HTCF4h 0.0009 ± 0.0001 0.0001 4.12 2.18 ± 0.24 

Space-time yield accounting for solid handling 

HTCB 0.0166 0.000763 13.50 

1.55 ± 

0.094 

HTCFw 0.0017 0.0001 12.12 1.46 ± 0.39 

HTCF2h 0.0011 0.0001 14.12 0.78 ± 0.07 

HTCF4h 0.0011 0.0001 16.12 0.65 ± 0.06 

 

For the production of a wet product the flow produced samples were by far more 

efficient. It achieved a space time yield that was nearly sixty times greater than that 

obtained in a batch process. These results for flow were dependent on the flow rate 

of the pump. Due the fast rate of reaction it may be possible to produce higher space 

time yields with faster flow rates. These results were obtained by the method 

described in the materials preparation section above. As was expected, the space 
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time yield for the flow made samples dropped dramatically when washing was 

introduced, reducing the efficiency to less than the batch samples. It was also of note 

that the mass yields drop too as product was lost in the washing process. Inclusion of 

the drying time showed a sharp reduction in the space time yield for all samples. The 

batch samples became more efficient as the flow samples were slowed down to a 

more comparable rate. 

 

Conclusion 

HTCB is made by a co-precipitation method with a period of ageing involved. With 

all the materials in the same place particles form by precipitating and dissolving in 

order to achieve the material with the lowest energy configuration. This arrangement 

has two aluminium species, in opposite lattices, adjacent to each other (see Figure 

27). In this work this position will be referred to as “in phase”. In this arrangement 

anion affinity has been found to be based on size of the ion and its associated charge. 

Therefore divalent anions have a higher affinity than monovalent anion and will be 

more likely to participate in ion exchange reactions linking the lattices together 

forming the layered structure.
[90]

 This is seen in the CHN analyses where the 

nitrogen percentage is low relative to carbon. Due to the constant precipitating and 

dissolution, the material is able to form a meixnerite (Mg6Al2(OH)18·4(H2O)) 

intermediate.
[134]

 When the material has two aluminium “in phase” with each other, 

the intermediate then introduces the carbonate ions to form hydrotalcite.
[134] 

 

Comparing flow synthesis (HTCFw) to batch preparation (HTCB) reagents have 

shortened reaction time to precipitate and dissolve to the lowest energy forms. As a 
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consequence products adopt readily accessible but energetically less favourable 

forms. In this method, aluminium in the meixnerite intermediate is placed randomly. 

The aluminium that is “in phase” become so through probability, not because of 

preference. When the aluminium is “out of phase” bicarbonate (see Figure 30) still 

binds to aluminium but bicarbonate cannot locally balance its charge with a second 

aluminium to form the more favourable layer bridging carbonate anion. The presence 

of bicarbonate is seen in the Raman spectroscopy. Since the amounts of carbonate 

and hydroxide reagents are fixed to proportions in an ideal structure, this would 

leave some aluminium without carbonate to bind to. In the absence of the bridging 

configuration making use of the divalent anion the remaining aluminium takes up the 

monovalent nitrate anion as shown by the large nitrate peak of the Raman 

spectroscopy and the CHN which shows a large increase in the amount of nitrate. 

The loss of the bridging carbonate would result in a less stable layering, which is 

seen in the broader reflections of the x-ray diffraction pattern. Hydroxide would be 

more favourable in this position but it is used up in the formation of the lattice.
 [135, 

136]
 Some aluminium species will be found in the “in phase” arrangement and in 

these cases the carbonate still bridges the layers together allowing it to retain its 

crystal structure seen in the XRD. 

The above reasoning can be supported by kinetic considerations on the precipitation 

process. Presence of nitrate shows that part of the metal reagent remained at least 

partially in nitrate form rather than being full converted to the hydrotalcite solid. 

Formation of a solid with extensive nitrate residues at short reaction time 

(continuous preparation) indicates the rate of lattice building being at least as high as 

the rate to convert nitrate reagents to the hydroxyl intermediates. Comparing samples 

made with increased starting reagent concentration, shows the highest bicarbonate 
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band intensity for all the materials prepared was produced by the sample with 

doubled carbonate concentration. The presence of bicarbonate scales with nitrate 

residues in the sample. Hence, carbonate is clearly less effective in the conversion of 

the nitrate precursor to layer building intermediates. The latter observation supports 

the interpretation that metal nitrates are initially hydroxylated by the hydroxide 

present in the base. Layer building of metal-oxygen-metal sections in the extended 

lattice structure is likely to involve condensation of metal hydroxyl units under water 

release. The role of carbonate obviously relates to coordinating layer stacking, such 

that aluminium in neighbouring layers are guided to adjacent positions, i.e. 

thermodynamically more favourable “in phase” arrangement of aluminium. 

Tentatively, out of layer nitrate located ensuring charge compensation of 

incorporated aluminium gets replaced by hydroxyl. Formal condensation of the 

hydroxyl function with H2CO3 leads to the formation of a bicarbonate. Bicarbonate 

is able to undergo further condensation with out of layer hydroxyl at coordinated at 

aluminium of a neighbouring layer forming thermodynamic favourable “in phase” 

carbonate bridged aluminium pairs between layers. The outlined stepwise process is 

obviously kinetically challenging, hence, it seems reasonable that very rapid layer 

growth and lowered local carbonate concentrations would favour the presence of out 

of layer nitrate residues. While the topic of structure is usually discussed in regards 

to ionic clays and double layered hydroxides, what effect a kinetically driven 

reaction would have on the structure for these materials has yet to be found. That 

leaves this assessment as an independent theory to explain the observed results.  
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Figure 30. An illustration of the possible anion coordination that occurs when 

aluminium is both “in phase” (right) and “out of phase” (left). 

When the flow sample is washed for two hours (HTCF2h) the dissolution occurs 

within the materials again. However now it is occurring with a material that is 

already formed and stable. Dissolution mostly occurs at the larger pores increasing 

their volume as seen in the BJH and vastly increasing the surface area as seen in the 

BET. This dissolution also weakens the crystal structure of the lattice accounting for 

the degrading pattern in the XRD. Nitrate is removed in the washing environment 

and replaced with hydroxide. The removal of nitrate also greatly increases the 

surface area by opening up the pores. Since the crystallite sizes do not increase it can 

be assumed that the rearrangement takes place on a local level with the particle and 

there is little to no transferral between the particles themselves. This would account 

for the lower Mg:Al ratio seen in the ICP resulting for the loss of materials from the 

particles. 

Removal of nitrate parallels the depletion of magnesium in the material and 

transformation of a more mesoporous character to a more macroporous nature of the 
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material occurs. The most likely explanation is a removal of magnesium from the 

double layer structure as easily dissolved nitrate. Magnesium removal causes the 

opening of the pore system leading to enhanced specific surface areas. Furthermore, 

27
Al NMR indicated the appearance of a shoulder in the peak of octahedrally 

coordinated aluminium. The latter indicates a slight geometric change to the 

environment of aluminium possibly caused by magnesium leaving neighbouring 

positions in the crystal structure. Hence, it is most likely that initial wash leads to a 

preferred removal of magnesium from the hydrotalcite preserving its structural 

features with help of alumina pillars allowing explaining the exceptionally high 

aluminium fractions in the material. 

After four hours (HTCF4h) the washing has become counter-productive. As with the 

samples washed for two hours the BJH shows a wide range of pore diameters with 

larger volumes however the volumes in general have started to decrease. This would 

suggest that the dissolution is now affecting the surface of the lattice as well as the 

pores. This would recreate instability in the lattice layer which is clearly seen in the 

XRD. It also explains the rebalancing of the Mg:Al ratio in the ICP as aluminium is 

lost for the lattice as well as magnesium. It is likely that part of the removed 

aluminium stems from the bridging positions in the lattice. The removal of this 

aluminium has caused the observed decrease in specific surface area and pore 

volume by partial collapse of the structure. 

Overall the material made in a flow synthesis is more of a hydrotalcite-like material 

than a true hydrotalcite. Its structure of the lattices and composition of those lattices 

may well be similar. However the arrangement of the structure and the composition 
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of the interspatial layer differ and would like be the course of any change in it 

practical properties.  
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Chapter 3 – Thermal decomposition and CO2 adsorption of hydrotalcites 

synthesised in a continuous process 

Literature review 

The main driving force behind carbon dioxide capture is the need to find cost-

effective solutions to tackle the global issue of climate change. A need to reduce 

carbon dioxide emissions as the demand for energy continues to increase.
[137]

 There 

are several methods for solving these problems which include replacing fossil fuels 

with alternatives (e.g. nuclear), introducing renewables (wind and solar power), 

increasing the efficiency of fossil fuels and capturing carbon dioxide before its 

emission into the atmosphere.
[79]

 Renewable sources of energy are still being 

researched and are still in development, as such complete replacement of fossil fuels 

seems to be impossible at the present time. The capture of carbon dioxide from a 

power plant fuel gases is considered to be the effective approach for reducing total 

carbon dioxide emissions.
[79, 84]

 Until a renewable energy is capable of replacing 

them, fossil fuels will continue to be needed in the immediate future.
[64]

 To this 

effect, carbon dioxide capture technologies are required to act as a bridge to a low-

carbon energy future. 

The three main approaches to carbon capture in large scale industrial plants include 

pre-combustion, post-combustion and oxy-fuel combustion systems.
[64, 137]

 Pre-

combustion systems process the primary fuel in a reactor producing a stream of 

hydrogen and carbon dioxide. After separation carbon dioxide can be stored or 

recycled and hydrogen can be used as secondary fuel.
[64]

 Pre-combustion capture is 

most applicable to integrated gasification combined cycle (IGCC) plants. 
[137]

 Post-

combustion systems separate carbon dioxide from flue gases produced by 
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combustion of primary fuel in air.
[64]

 Finally, oxy-fuel combustion systems use 

oxygen instead of air, which leads to flue gas consisting mainly of water and carbon 

dioxide, which can be easily separated. 
[137]

  

Once captured, carbon dioxide needs to be either stored or recycled. Storage 

reservoirs need to be sufficiently large and be able to ensure that the carbon dioxide 

remains trapped inside without the risk of leakage. Geo-sequestration is a process of 

injecting carbon dioxide into underground geological formations, such as deep saline 

aquifers, depleted oil fields or un-minable coal beds. Injecting carbon dioxide into 

declining oil fields has been found to have the benefit of leading to additional oil 

recovery (enhanced oil recovery), which offsets the cost of sequestration. Injecting 

into a coal bed can produce a similar side product.
[83]

 Carbon dioxide can be 

adsorbed on the surface of coal which releases previously adsorbed methane, which 

can be recovered. The main drawback of geo – sequestration is location of the 

storage spaces in remote areas, as well as their limited capacities. Saline formations 

potentially have larger storage volumes and occur more commonly than oil and coal 

fields. However it is expensive and there are no side products produced to offset the 

storage cost. 
[64]

 

Because of limited storage capacity, storage of captured carbon dioxide is a short 

term solution. Long term solutions involve recycling carbon dioxide by converting it 

to hydrocarbons, which can then be reused as fuel. A methanol economy, a 

hypothetical replacement for the current fossil fuel economy, is based on this, 

captured carbon dioxide is converted into methanol by reductive conversion, and 

methanol is further used as fuel. Another involves catalytic conversion of carbon 
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dioxide directly into hydrocarbons in fuel cell and conversion through stages 

involving carbon monoxide.
[64]

 

A number of techniques can be used to remove carbon dioxide from fuel gas 

streams. Gas absorption involves passing a flow of mixed gases over a solvent with a 

high affinity for carbon dioxide. These gases are then recovered by adding 

neutralising agents to change the molecular form of the solute gas. Amine-based 

regenerative chemical absorption processes using aqueous solutions of amine, such 

as monoethanolamine (MEA), diethanolamine (DEA), diglycol-amine (DGA), N-

methyldiethanolamine (MDEA) and 2-amino-2-methyl-1-propanol (AMP) have been 

used for several years for carbon dioxide capture from gas streams in natural gas.
[137-

140]
  The down side of gas absorption methods are that they are expensive and energy 

intensive. 

Cryogenic techniques involve separating carbon dioxide from the gas stream by 

cooling and compression.
[141]

 It involves passing the gas flow over a refrigerated 

medium and is used in the treatment of biogas.
[142, 143]

 Biogas is produced from the 

anaerobic respiration of digestion of micro-organisms found in landfills and sewage 

treatment plants. Biogas consists mainly of methane and carbon dioxide with traces 

of water, hydrogen sulfide, siloxane, hydrocarbons, ammonia, oxygen, carbon 

monoxide and nitrogen.
[142]

 For biogas to be converted to biomethane it must be 

cleaned for these trace components and the calorific value upgraded.
[142, 143]

 Due to 

the different components of biogas liquefying at different temperature and pressures 

it is possible to separate out the impurities, producing pure methane from biogas.
 [142, 

143]
 At high pressure (reported to be approximately 80 bar

[143]
) and cooled to low 

temperature (De Hulla et. al. reports -175 
o
C

[143]
 and Ryckebosch et. al. reports -45 
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o
C

[142]
)  carbon dioxide condenses and can be easily removed.

[142, 143]
 The separated 

carbon dioxide can then be used as a solvent to further purify the methane.
[143]

 The 

main drawback of cryogenic sorption methods is them being expensive and energy 

intensive due the required temperature and pressures needing to be maintained.
[64]

 

Membrane filtration involves components being removed from the gas stream by 

absorption or selective diffusion through a membrane. Different particle sizes permit 

certain molecules to pass through the membrane while others cannot. Separation of 

the molecules is driven by a pressure differential set up on either side of the 

membrane. As well as small molecules, highly soluble molecules will pass through 

the membrane too.
[143]

 Like the cryogenic techniques described above, membrane 

filtration is used for the separation of carbon dioxide from the methane found in 

biogas.
[142, 143]

 Membranes work well on lab scale reactions but when increased to 

production scale they become expensive. Also it is difficult to make membranes of 

the necessary size. 

Adsorption methods are where molecules of carbon dioxide are concentrated on the 

surface of a solid. Carbon dioxide acting as an electrophile will be attracted by base 

sites on a sorbent surface and bind there. The benefit of solid adsorbents for carbon 

dioxide capture is their chemistry is scalable. If it works on small lab scale reactions 

then sizing to production scale is a straight forward engineering task. They can be 

regenerated at a lower energy requirement compared to other methods of carbon 

capture.
[137]

 This allows for multiple use and long term stability. Their properties can 

be easily tailored. This makes it a viable option for use at a range of different 

temperatures.
[137]

 Technology needed for producing these solid adsorbents is 

developing rapidly, which shall allow for an easy and quick production. 
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Lithium zirconate is a solid adsorbent that is used for high temperature (450 to 550 

o
C 

[64, 144, 145]
) carbon dioxide adsorption. This is accomplished by the compound 

conversion to lithium carbonate and zirconium oxide. At higher temperature the 

conversion can be reversed, allowing for the recovery and further use of carbon 

dioxide.
[64, 144]

 It also allows for continued use of the regenerated starting material. 

The reaction is highly selective to carbon dioxide making it ideal for removing 

carbon dioxide from gas streams.
[64]

 The adsorption rate of lithium zirconate has 

been shown to slow due to the formation of lithium carbonate and zirconium oxide 

shells around particles of unreacted material. To increase the adsorption rate lithium 

zirconate is doped with potassium carbonate. The latter increases the adsorption rate 

by the formation of an eutectic molten carbonate at high temperatures.
[145]

 Kato et. 

al. reports that lithium orthosilicate has similar properties and may surpass the 

capacity of lithium zirconate. The use of silicon oxide instead of zirconium oxide 

makes the material lighter and cheaper to produce.
[146]

 

Metal organic frameworks (MOFs) are synthesised by the self-assembly of organic 

ligands and metal oxides.
[147]

 The resulting materials have large surface areas with 

large pore volume and regular pore size.
[147, 148]

 The chemical properties of MOFs 

are tuneable by manipulation of the metal centres or the organic ligand.
[147]

 The 

tuneable nature of these MOFs gives them a wide variety of potential uses. Zeolites 

are reported to have a carbon dioxide uptake of 4.7 mmol/g at 1 atm and 298 K 
[148]

 

Amines interact with carbon dioxide by forming carbamate and ammonium ions. 
[149]

 

This functionality can be easily incorporated into any number of inorganic and 

organic compounds. Reports have shown that this functionality has been effectively 

used in both solid compounds and ionic liquids.
[149] 

In the case of ionic liquids 
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carbon dioxide uptake has been shown to be in excess of 0.5 mol of carbon dioxide 

per mol of ionic liquid.
[149]

 

The possibility of using hydrotalcite as high temperature carbon dioxide adsorbents 

arose from previous adsorption work carried out on various metal oxides, including 

MgO, CaO and Al2O3.
[80, 148]

 Since then hydrotalcite materials were extensively 

studied as potentially suitable adsorbents for carbon dioxide.
[76-85]

 In a previous 

study by Yong et. al. it was found that carbon dioxide adsorption was higher at room 

temperature than at 200 °C.
 [79]

 In the study, it was discussed that the different stages 

of thermal decomposition was the reason behind this. The samples in the study were 

not calcined beforehand. At 200 °C the sample has been dehydrated but the lattice 

layers are still intact. By 300 °C the lattice layer have started collapsing through 

dehydroxylation and decarbonation. The Al
3+

 cation environment moved from 

octahedral to tetrahedral and that created pores for more carbon dioxide to adsorb.
[76, 

79]
     

 

Figure 31. Adsorption sites on metal oxides and CO2 adsorbed species
[64, 150]

 

Carbon dioxide molecules can adsorb to both negative and positive sites, however as 

it is an electrophile, are expected to adsorb more strongly on base sites. Adsorption 
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species of CO2 on metal oxide surfaces consist of unidentate, bidentate and bi – 

carbonate (Figure 31). Unidentate carbonate is formed when adsorption takes place 

on the surface oxygen or on the metal ions with participation of excess oxygen. 

When adsorption takes place on a hydroxyl group, formation of superficial 

bicarbonate occurs.
[64]

  

When hydrotalcites are calcined they form a unique mixture of metal oxides that is 

impossible to achieve by mixing the relative metal oxides together. This mixture of 

metal oxides was shown to adsorb CO2 between room temperature and 450 °C. This 

is done by the conversion of magnesium oxide to magnesium carbonate.
[89] 

By taking 

the temperatures above 450
 
°C, CO2 begins to desorb, allowing regeneration of the 

mixed oxide and the release of carbon dioxide.
[86, 89, 92] 

These mixed metal oxides 

have also shown the capacity to be regenerated back to a hydrotalcite by rehydrating 

the metal oxides through contact with water. A hydrotalcite with better crystalline 

structure can be better regenerated. This allows the hydrotalcite to be reused multiple 

times.
[89, 92] 

In the previous chapter, the synthesis of hydrotalcites was explored in a continuous 

flow process and compared to a sample made in a batch process. The process 

discovered that though the lattice layer was formed, the aluminium was “out of 

phase” with each other between the lattices. This led to the carbonate ions forming 

bicarbonate instead of creating a bridge between lattices. In this chapter the effect of 

this organisation, within the material is investigated. In particular, the effect of oxide 

formation through thermal decomposition and the ability of those mixed oxides to 

absorb carbon dioxide.  
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Experimental  

Material preparation 

The materials used in this chapter were the same materials made in Chapter 2. These 

materials were hydrotalcites that were synthesised in a batch process (HTCB) and a 

flow process (HTCFw). Two additional materials were also used. These were 

hydrotalcites also synthesised in a flow process and washed for 2 h (HTCF2h) and 4 

h (HTCF4h). The description of the synthesis used is found above in the materials 

preparation section of Chapter 2. 

Analytical Procedures 

Carbon dioxide adsorption calorimetry under flow conditions was performed on 

the hydrotalcites using a flow-through Setaram 111 differential scanning calorimeter 

(DSC) and an automated gas flow and switching system, modified through the use of 

a mass spectrometer detector for the down-stream gas. The analysis was preformed 

by Rob Brown and Marta Granollers at Huddersfield University. 

All samples (18-30 mg) were dryed at 120 °C under dried nitrogen for 3 h then the 

temperature changed to 30 °C for 1 h. After that 0.5-1 mL pulses of the probe gas 

(1% CO2 in N2) at atmospheric pressure were injected at regular intervals into the 

carrier gas stream from a gas-sampling valve. The concentration of carbon dioxide 

downstream of the sample was monitored continuously with the mass spectrometer. 

The interval between pulses was chosen to ensure that the carbon dioxide 

concentration in the carrier gas (including that adsorbed and then desorbed after the 

pulse had passed) returned to zero, and to allow the DSC baseline to re-establish 

itself. 
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The net amount of CO2  irreversibly adsorbed from each pulse was determined by 

comparing the MS signal during each pulse with a signal recorded during a control 

experiment through a blank sample tube. Net heat released for each pulse, 

corresponding to irreversible adsorption of CO2, was calculated from the DSC 

thermal curve. From this the molar enthalpy of adsorption (∆Hads) was obtained for 

the CO2 adsorbed from each successive pulse. The ∆Hads values were then plotted 

against the amount of (irreversibly) adsorbed CO2 per gram of the catalyst, to give a 

∆Hads /coverage profile for all samples.  

Thermogravimetric analysis (TGA) is a method of thermal analysis which gives 

insight into changes in physical and chemical properties of materials are measured as 

a function of increasing temperature, or as a function of time. TGA can provide 

information about physical properties such as second order phase transitions, 

including vaporisation, sublimation, adsorption, absorption, and desorption. 

Likewise TGA can give information on the chemical properties of a material, 

including chemisorption and decomposition. The TGA instrument continuously 

weighs a sample as it is heated. As the temperature increases various components of 

the sample are decomposed and the weight percentage changes. In DTA, the material 

under study and an inert reference are made to undergo identical thermal cycles, 

while recording any temperature difference between sample and reference. 

Thermogravimetric analysis was preformed on a Polymer Laboratories STA 1500. 

Samples weighing 13-15 mg were placed into a crucible along side an empty 

crucible for a comparison. The sample was heated to 500 °C and a rate of 10 °C min
-

1 
 in an inert gas. Once calcined the sample was allowed to be cool to 30 °C, where 
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the gas was changed to carbon dioxide for 10 min until the sample was saturated the 

gas. The gas was reverteed back to the inert gas and temperature returned to 500 °C. 

This process was repeated three times.  

Results and Discussion 

X-Ray Diffraction 

For all the samples (Figure 32-34) except HTCF4h, the peak corresponding to 

diffraction reflection (003) shifted to higher 2Ɵ while losing intensity before it 

disappeared completely by 385 °C. This shift and disappearance of the (003) was not 

seen in the pattern for HTCF4h (Figure 35) due to it not being present in this 

diffraction pattern (see Chapter 2 for an explanation as to why this happens). This 

temperature was in the decarbonation region visible in the TGA and DTA. The (006) 

reflection lost intensity at a much lower temperature, disappearing by 180 °C which 

was in the temperature range that the loss water can be seen in the TGA and DTA. 

Within the same temperature range attributed to water loss, the two reflections 

around 60° became broader. They had merged to a single reflection by 180 °C. The 

significant broadening of reflection above this temperature was attributed to the 

formation a periclase crystalline structure.
[74, 89] 

A periclase crystalline structure 

refers to the cubic form of the magnesium oxide. Through dehydroxylation and 

decarbonation the lattice collapsed by 375 °C and after which metal oxides started to 

form.
[89, 92]

 For the HTCB and HTCFw only two reflections were seen that are 

representative of the mixed oxides. Both of the flow samples that were washed 

displayed a degree of degradation in the diffraction pattern that was better shown in 

Chapter 2. The degradation followed through the decomposition of the samples and 

was especially noticeable at low 2Ɵ. 
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Figure 32. In situ XRD pattern of HTCB, showing the decomposition of the structure 

as temperature increases. The numbers in the legend correspond to the temperature 

(°C) at which patterns were recorded. 
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Figure 33. In situ XRD pattern of HTCFw, showing the decomposition of the 

structure as temperature increases. Numbers in the legend corresponds to the 

temperature (°C) at which patterns were recorded. 
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Figure 34. In situ XRD pattern of HTCF2h, showing the decomposition of the 

structure as temperature increases. Numbers in the legend corresponds to the 

temperature (°C) at which patterns were recorded. 
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Figure 35. In situ XRD pattern of HTCF4h, showing the decomposition of structure 

as temperature increases. Numbers in the legend corresponds to the temperature (°C) 

at which patterns were recorded. 

 

Raman Spectroscopy 

The bands at 480 and 551 cm
-1

 represented the Al-O-Al band and the Al-O-Mg band 

as discussed in Chapter 2. As the temperature increased these bands persisted and 

had a continued presence well beyond the collapse of the lattice structure. With 

dehydroxylation and decarbonation already occurring at this point it would suggest 

that the remaining structure have taken a different form. At high temperature two 

component oxides will fuse together to form a spinel material (MgAl2O4 or 

MgO·Al2O3).
[151]

 Due to the repulsion of positive charges Al
3+

 within the lattice 

remain at a distance from each other, yet as discussed in the previous chapter the 

aluminium ions that align in different layers will form the interlayer connection with 
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the carbonate ion. It can be assumed that when decarbonation and dehydroxylation 

took place carbon dioxide was released from the bridging bond leaving two 

aluminium atoms linked by an oxygen atom. This would allow the formation of the 

spinel and explain why the metal-oxygen-metal bands were still visible at high 

temperature. These two bands eventually disappeared by 600 °C suggesting that the 

fused oxides separated into individual components. The carbonate bands shifted 

slightly during heating and endured longer than the metal linkage band. There was a 

loss of intensity during the stages of decomposition involved in the initial 

decarbonation. They endured as the decomposition process involved the formation of 

magnesium carbonate. This can be seen as the band moved back to higher 

wavelengths at higher temperature, after the second stage of decomposition 

involving dehydroxylation and decarbonation. The presence of the band at the end of 

the process would suggest that some magnesium carbonate remained until the end. 

As discussed in Chapter 2 the flow samples are made under kinetic control. Any 

aluminium ions that were “in phase” became so through random probability, not by 

design with factors such as stability being considered. While some carbonate did 

bridge the interspatial layer, the rest bound with an additional hydrogen atom to form 

bicarbonate ion. This would suggest that as decarbonation took place the formation 

of an aluminate ion (AlO2
-
) 

[152]
 was more likely. This was further indicted by the 

metal-oxygen-metal band disappearing by 385 °C. This would suggest the flow 

material decomposed into a mixed oxide form without the formation of a spinel 

structure. This would back up what is seen in the Al
27

 NMR, with the aluminium 

clustering in the unwashed flow sample. The carbonate peaks behaved in same 

manner as in the spectrum for the batch material except the remaining carbonate 

peak was of greater intensity. This could be due the additional magnesium available 
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to form magnesium carbonate during the decarbonation stage because of the lack of 

spinel formation. It should also be noted that the peak above 700 cm
-1

 and the 

shoulder seen on the 1050 cm
-1

 peak were, according to Böckelmann and Schlecht 

et. al., indicative of nano-sized MgO which offered further suggestion that there was 

a separation of MgO and Al2O3. However, since the Raman spectrometer was being 

used qualitatively rather than quantitatively, this could not be verified from this 

analysis.  

The flow samples that had been washed showed a similar spectra to the batch 

sample. The bands representing the metal vibrations endured untill higher 

temperatures, suggesting the decomposition to form spinel. Spinel is part of the 

spinel group of minerals of the formula A
2+

B
3+

2O
2-

4. In the case of spinel, the 

formula is Mg
2+

Al
3+

2O
2-

4. Unlike the previous two samples, the carbonate bands 

completely disappeared by the end of the decomposition. As discussed in Chapter 2, 

both the washed flow samples were aluminium rich due to the washing process 

removing magnesium from the structure. It could be interpreted, stable carbonates 

result from magnesium be removed from aluminium. Hence, aluminium could have 

had the role of a modifier preventing too stable carbonate formation. Please note that 

the latter was pretty consistent to the microcalorimetry below. Washing would have 

initially led to preferential dissolution of nano sized MgO.
[153]
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Figure 36. In situ Raman spectrum of HTCB. Numbers in the legend correspond to 

the temperature (°C) at which patterns were recorded. 
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Figure 37.  In situ Raman spectrum of HTCFw. Numbers in the legend correspond to 

the temperature (°C) at which patterns were recorded. 
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Figure 38. In situ Raman spectrum of HTCF2h. Numbers in the legend correspond to 

the temperature (°C) at which patterns were recorded. 
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Figure 39. In situ Raman Spectrum of HTCF4h. Numbers in the legend correspond 

to the temperature (°C) at which patterns were recorded. 
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Microcalorimetry 

All the samples, except HTCFw, displayed a similar pattern seen for 

microcalorimetry of magnesium oxide (see Figures 40 and 42) but with more base 

sites. 
[74, 150]

 They displayed a plateau of chemisorption in the area that was 

associated with strong sites. These plateaus were found respectively around 98 

(HTCB), 105 (HTCF2h) and 110 kJ mol
-1

 (HTCF4h). These values covered a wide 

range of surface coverage; this indicated that a large portion of the oxide surface was 

acting homogeneously and the carbon dioxide was interacting with the oxides 

through chemisorption in a similar manner throughout the material. Busca et. al. 

found through an infrared study that the chemisorption of carbon dioxide on 

magnesium oxide was mainly bidentate (see Figure 31) adsorbed species, with a 

small part unidentate.
[1]

 This could be accounted for by the layers being bridged by 

the carbonate in the original structure. As the hydrotalcite thermally decomposed, 

carbon dioxide was released, leaving behind oxygen bridging the aluminium in the 

lattice. As the lattice collapsed, the presence of bridged aluminium facilitated the 

formation of a spinel structure comprised of magnesium aluminium oxide 

(MgAl2O4) being formed. 
[74, 89, 92, 98, 154]

 

The flow samples showed a similar curve to alumina. 
[150]

 This pattern indicated that 

the oxide surface was acting with heterogeneity and the carbon dioxide was 

interacting with the surface in a variety of ways. This was likely due to the formation 

of the individual oxides of magnesium and aluminium in the thermal decomposition 

of the original hydrotalcite structure. Due to aluminium not being linked by 

carbonate ions, when the lattice collapses with aluminate (AlO2
-
) 

[152]
 and 

magnesium oxide being formed. Microcalorimetry was also performed of the 
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samples HTCFc, HTCFo and HTCFco to see if this trend extended to other 

unwashed flow samples which it did. 
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Figure 40. Microcalorimetry of HTCB, HTCFw, HTCF2h and HTCF4h 
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Figure 41. Microcalorimetry of HTCFc, HTCFo and HTCFco 
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Figure 42. Microcalorimetry of magnesium oxide and aluminium oxide  
[150]

 

 

Thermogravimetric Analysis / Differential Scanning Calorimetry 

The TGA curves showed weight loss occurring in three distinct stages. Weight loss 

between ambient temperature to 250 
o
C can be attributed to the loss of external 

surface water and water found in the interspatial layer.
[74]

 Rey et. al. reports that 

evidence of a partial dehydroxylation occurred simultaneously. 
[98]

 The second 

region, between 250 to 430
o
C showed dehydroxylation of the lattice layer. This area 

had also been attributed to a significant amount of decarbonation as carbon dioxide 

was released from the counter anions. The precise temperature that the two processes 

occurred within is unknown.
[89]

 The third region, at temperatures above 430
o
C, was 

attributed to the loss of any remaining volatile species, including the decomposition 

of mineralised magnesium carbonate to form magnesium oxide and carbon dioxide. 

The masses lost during calcination were consistent with values found in the 

literature. 
[76, 92, 98]

  

Al2O3 

MgO 
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The DTA scan showed two definite endothermic peaks. A broad curve appeared at 

the beginning of the scan in the range of the water removal.
[116]

 The broad curve 

displayed by the samples showed two distinct areas of loss. Surface water was 

removed first, and then water from within the lattice, needing more heat, was 

removed. For the HTCB the weight loss and energy show a peak that was greater for 

the second band. The HTCFw showed a reverse of this suggesting that there was less 

water in the interspatial layer of the material. In the CHN discussed in Chapter 2 it 

was found that the flow samples have additional ion content in the form of nitrate. 

The extra ions would reduce the space in layer leaving less room for any water. As 

the nitrates were washed out, more water is allowed to enter the interspatial layer. 

This was further seen as the second peak increased with washing suggesting that 

there was more water to be lost.  

The next large peak seen was the evolution of carbon dioxide by the interspatial 

carbonate anions 
[76, 116]

 in the range that the lattice collapses (see XRD below). For 

the samples that were washed this second peak splits to show two peaks. Forano et. 

al. states that the first of these was the dehydroxylation of the aluminium. The 

second peak represented the dehydroxylation of magnesium and decarbonation of the 

interspatial carbonate anions. 
[116]

 Both these peaks were shallow relative to the 

water loss peak. Forano et. al. also reported similar patterns that were due to smaller 

Mg:Al ratios.
[116]

 This was further confirmed by the ICP discussed in Chapter 2. 

HTCF2h had the most pronounced shoulder in the peak and this sample showed a 

Mg:Al ratio of 1.7:1 instead of the expected 3:1. HTCF4h had a ratio of 2.1:1 and 

displayed a shoulder that was softer than the shoulder seen for HTCF2h.  
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Figure 43. Thermogravimetric analysis and differential temperature analysis of 

HTCB. 
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Figure 44. Thermogravimetric analysis and differential temperature analysis of 

HTCFw. 
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Figure 45. Thermogravimetric analysis and differential temperature analysis of 

HTCF2h. 
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Figure 46. Thermogravimetric analysis and differential temperature analysis of 

HTCF4h. 
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For CO2 uptake measurements, all the samples, except for HTCF4h, displayed a 

similar pattern. The first and second cycles took up a similar amount of CO2, while 

the third cycle showed a drop in uptake. These three samples all showed a similar 

uptake of CO2. The sample that was washed for four hours showed an uptake in the 

first cycle that was nearly double the uptake of the other three samples. The second 

cycle had a lower uptake and the third displayed a slight increase. 

Table 12. Maximum CO2 uptake of the hydrotalcite samples. 

 

Maximum CO2 Uptake (mmol/g) 

Cycle 1 Cycle 2 Cycle 3 

HTCB 0.26 0.25 0.18 

HTCFw 0.22 0.22 0.19 

HTCF2h 0.25 0.24 0.19 

HTCF4h 0.41 0.18 0.22 
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Figure 47. Carbon dioxide adsorption of materials synthesised in HTCB. 
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Figure 48. Carbon dioxide adsorption of materials synthesised in HTCFw 
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Figure 49. Carbon dioxide adsorption of materials synthesised in HTCF2h 
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Figure 50. Carbon dioxide adsorption of materials synthesised in HTCF4h 
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Conclusions 

When HTCB, HTCF2h and HTCF4h are calcined, they break down in a similar 

manner. Once dehydroxylation has occurred and the decarbonation is starting the 

lattice begins the break down to form a magnesium/aluminium spinel. This is seen in 

the microcalorimetry as a pattern similar to that for magnesium oxide. The spinel 

binds with the carbon dioxide in a homogeneous manner, converting the magnesium 

oxide element of the spinel structure to magnesium carbonate. Base sites of HTCB 

and HTCF2h are impeded by carbonate anions that have not been decomposed 

during the calcination process, giving similar amounts of CO2 adsorption. HTCF4h 

does not have this problem, allowing for more base sites to be available for the first 

cycle of adsorption. Not all of these base sites are recovered and some are lost. It is 

unknown with any certainty why this happens and warrants further investigation.  

HTCFw decomposes much faster than the other samples. This suggests the carbonate 

bridges provide an increase in thermal stability. The loss of the metal-oxygen-metal 

vibration bands in the Raman spectroscopy shows that the decomposition does not 

form a magnesium/aluminium spinel recorded in other studies and would appear to 

allow the formation of aluminium oxide independent of magnesium oxide. The 

formation of aluminium oxide is also seen in the microcalorimetry. The pattern seen 

is similar to aluminium oxide and that carbon dioxide binds heterogeneously. This 

would suggest that carbon dioxide is interacting with both aluminium oxide and 

magnesium oxide. It can also be seen in the Raman that magnesium carbonate still 

exist by the end of the decomposition once again impeding the base site.  

It would be of interest in further studies to calcine the samples to a higher 

temperature to attempt to drive of the remaining carbonate. This should open up 
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more base sites for adsorption to interact with. When compared to other studies of 

CO2 sorbents, the materials looked at during this project do not come close to 

replicating the values reported. In general the materials from this project requires ten 

times the mass to adsorb 1 mol of CO2 as reported for zeolites and twice the mass as 

reported for hydrotalcites. After the project samples, the material with largest 

required mass is the hydrotalcite from the literature. With some tuning of the 

experimental procedures, it may be possible to get a value close to this literature 

value. The initial adsorbsion cycle of HTCF4h does produce value close to the 

literature value, however returns to the masses required for the other samples. 

Table 13. A table showing literature value from the mass of known sorbents required 

to adsorb 1 mol of carbon dioxide 

Sorbent Kg/mol 

MEA 0.061 
[155]

 

CaCO3 (crushed stone) 0.1 
[156-160]

 

K2O (potash) 0.0942 
[161]

 

Na2CO3 (soda ash) 0.106 
[162, 163]

 

Li2CO3 0.0739 
[164, 165]

 

Active carbons 0.5 
[161, 162, 166]

 

Zeolites 0.2 
[161, 162, 166]

 

Hydrotalcites 2.0 
[167]

 

Fe2O3 (iron ore) 0.160 
[168]

 

Cobalt 0.059 
[169]

 

Copper 0.1271 
[169]

 

Nickel 0.0587 
[169-172]

 

Manganese 0.055 
[169]

 

HTCB 3.8 4.0 5.5 

HTCFw 4.5 4.5 5.3 

HTCF2h 4.0 4.2 5.3 

HTCF4h 2.3 5.5 4.5 
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Chapter 4 – Catalytic activity of nickel doped hydrotalcites synthesised in a 

continuous flow process 

Literature Review 

Hydrotalcites and their decomposed products have found many applications, 

including in catalysis.
[86]

 During calcination of hydrotalcites an intricate mixture of 

oxides is formed, unattainable by simple mixing of the relevant bulk metal oxides 

together. The oxides catalytic activity can attributed to the presence of base sites.
[86, 

89] 

Michael addition reactions involve base catalysed C-C bond coupling reactions. 
[74]

 

While these liquid phase reactions are conventionally catalysed by soluble bases, 

environmental concerns have moved the focus to solid catalysts. 
[74, 173]

 Choudary et 

al. found that rehydrated hydrotalcites were an efficient and selective catalyst for 

Michael additions. 
[174] 

Yet Prescott et al. found that uncalcined and calcined 

hydrotalcites also highly selective for Michael additions of 2-methylcyclohexane-

1,3-dione, 2-acetylcyclopentanone and 2-acetylcyclohexanone to methyl vinyl 

ketone. 
[74] 

While the activity of pure MgO was found to surpass the hydrotalcites in 

activity it was also found that they produced consecutive reactions.
[74] 

 

Within the chemicals and petroleum industries many toxic compounds are produced. 

Among these are phenol and its halogenated derivatives, the most hazardous of these 

being chlorophenol and p-cresol. 
[108, 175]

 Work has been done to produce a catalyst 

that can be used to remove the chemicals from contaminated water by Advanced 

Oxidation Processes (AOP). 
[176]

 AOP uses high reactivity hydroxyl (OH
*)

 radicals 

combined with UV light 
[177]

 to drive the oxidation process to achieve complete 
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mineralisation of the organic pollutant. Calcined hydrotalcite has been shown to be a 

catalyst that has a high capacity for the photo-decomposition of chlorophenol and p-

cresol as well as other organic pollutants such as benzene and phenolic compounds. 

[108]
 

Hydrotalcite has also been used as a catalyst in the synthesis of biodiesel by the 

methanolysis of sunflower oil. The untreated samples have been found to be 

catalytically inactive, but the calcined and the rehydrated samples have been shown 

to have good catalytic activity. Samples calcined at 500 
o
C have been shown to 

achieve 50% conversion after 24 hrs at 60 
o
C. The samples rehydrated in boiling 

water were shown to have better catalytic activity than the calcined samples.
[96]

 

Hydrotalcites have also been used as precursors of catalyst supports in the 

polymerization of olefins using Ziegler catalysts. 
[178] 

Once the hydrotalcite is 

calcined, it is sieved to obtain a particle fraction between 2 and 100 microns. This 

fraction is partially or completely chlorinated with chlorine or phosgene to obtain a 

mixed chloride or oxychloride which is used in turn as a support for the active phase, 

which is prepared from a mixture of titanium or vanadium chloride and an 

alkylaluminium compound. 

Hydrotalcite-like compounds can be made with any divalent and trivalent cations. 

Due to this, along with higher stability and longer lifetimes, catalysts prepared from 

hydrotalcites for redox reactions contain a large amount of transition metal (66-

77%). These have been claimed, in many cases to have higher activity with respect 

to catalysts prepared by other more conventional techniques (such as impregnation 

or precipitation).
 [63]
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Hydrotalcites may be doped with additional metals. This can be done to improve a 

catalytic effect 
[179]

 or to improve the material’s thermal stability. One example is 

with hydrotalcites that were doped with zirconium. This is usually done to improve 

the basicity of the calcined product. The basicity of the lattice layer decreases as a 

result of lowering the partial charge on the oxygen atoms. Once calcined the basicity 

of the mixed oxide increases due to the formation of Zr
4+

-O
2-

 acid-base pairs. 
[180] 

The lattice layers of hydrotalcite are usually comprised of Mg
2+

 and Al
3+

 cations or 

other bivalent and trivalent cations with similar ionic radii. The introduction of Zr
4+

, 

with its comparatively larger ionic radius, induces a distortion of the brucite-like 

sheets and a heterogeneous distribution of charges.
 [180]

 

With the decrease of easily accessible fossil fuels, coupled with the rising demand 

for these fuels, chemicals and energy they provide, there is an increasing interest in 

renewable sustainable sources.
 [181-185]

 Biomass is being studied for its potential as a 

suitable candidate in this movement.
[181, 184-186]

 The interest in biomass is due to it 

being mainly comprised of carbon, hydrogen and oxygen atoms making it a suitable 

source for the production of conventional and new chemicals and fuels.
[181]

 Of these 

elements hydrogen is an important raw material.
[187, 188]

 It is a clean fuel that can be 

used in fuel cells and internal combustion engines.
[182, 187, 188]

 Currently the process 

of producing hydrogen is with catalytic reforming of methane, light hydrocarbons 

and naphtha.
[182, 183, 187-189]

 This process uses non-renewable material and is 

accompanied by high CO2 emissions.
[182]

  

To create a renewable process of catalytic steam reforming the use of bio oils has 

been researched.
[182, 183, 187, 189]

 Bio-oil is produced by the fast pyolysis of biomass 

and can be converted to hydrogen via catalytic steam reforming.
[181, 182, 184, 187-189]
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While this still produces CO2, if integrated over a long-term growth cycle, the gases 

omitted during the process can be absorbed by plants used for the biomass feedstock 

creating carbon neutral net emissions.
[182-184, 186]

 

Bio-oil is a mixture of simple aldehydes, ketones, phenols, alcohols and acids as well 

as more complex carbohydrate- and lignin-derived oligomeric materials emulsified 

with water.
[181, 182, 187-189]

 With the addition of water, a water rich phase containing 

mostly carbohydrate-derived compounds can be separated out and this can be 

converted to hydrogen by steam reforming.
[182, 187, 188]

 The majority of catalysts used 

in steam reforming are composed of Ni and Al, with Ni as the main active agent.
[181, 

185, 187-189]
 Ni based catalysts are also used for gasifying tar compounds and for CO2 

reforming of natural gases.
[185, 187]

 Noble metals are more effective than Ni for steam 

reforming and less susceptible to carbon formation but due to their cost are not 

commonly used in an industrial application.
[185, 187] 

 

Steam reforming starts with hydrocarbons dissociatively adsorbing on the nickel 

sites,
[187] 

while water dissociatively adsorbs on the aluminium sites which 

hydroxylates the surface.
[187]

 Metal-catalysed dehydrogenation of the hydrocarbons 

forms adsorbed fragments at the nickel sites.
[187, 189]

 Hydroxide then migrates to the 

nickel sites and is activated by the temperature, where it forms intermediates that 

lead to the forming carbon oxides.
[187, 189]

 

An unwanted side effect of this process is the formation of carbon on the catalyst 

surface, leading to catalyst deactivation.
[181-183, 185, 187, 189]

 There are different types of 

carbon formation; whisker like, encapsulating film and pyrolytic carbon, though all 

have the same consequences of deactivating the catalyst.
[187]

 There are two strategies 

to inhibit this carbon formation. One strategy is to enhance steam adsorption on the 
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catalyst with the objective of gasifying any carbon or carbon precursors formed on 

the catalyst surface.
[187, 189]

 Another strategy involves modifying the catalyst surface 

with the presence of other metals.
[187, 188]

  

The use of magnesium has shown to enhance steam adsorption capability in nickel 

catalysts.
[187, 189]

 Solid solutions of NiO/MgO have been reported to stabilize nickel 

compounds and prevent catalytic sintering.
[183, 185, 187]

 Nickel aluminate has been 

shown to be highly active and resistant to deactivation.
[190]

 Magnesium has also been 

used to form a magnesium/aluminium spinel that significantly changes Ni/Al2O3 

catalytic properties.
[187, 189]

 

In Chapter 2 it was discussed that thermally decomposed hydrotalcites that were 

made in a flow process were synthesised with kinetic control rather than 

thermodynamic control. In Chapter 3 it was discussed that the thermal 

decomposition of the hydrotalcites made in a continuous flow process do not appear 

to breaks down to form a spinel as batch synthesised hydrotalcites do. The flow 

synthesised material instead breakdown in to a mixture of aluminium and 

magnesium oxide. The continuous flow process provides three opportunities to add 

nickel to hydrotalcite. Doping would involve adding the nickel to the starting 

reagents. Nickel can be added to the collecting water and incorporated into the 

material though ion exchange in the washing process. Finally nickel can be added to 

hydrotalcite by impregnation once the hydrotalcite has been dried. The aim of this 

chapter is to explore these different methods of introducing nickel to hydrotalcite and 

creating a novel Ni/Al catalyst that is stabilised by magnesium. Their effectiveness 

in catalytic steam reforming will be the focus of study.     
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Experimental 

Materials Preparation 

The samples prepared under flow conditions were made using a system comprising 

of a peristaltic pump (Ismatec ISM597D) fitted with 3-stop 0.51 ID mm PVC tubes 

and a Y-mixer (PEEK 0.5 mm). The reactor comprised a 2 cm long 0.51 mm ID 

empty tube. The short length was due to the solid nature of the resulting product. As 

the hydrotalcite formed it slowed down in the tube. This caused a backup and 

eventually a blockage. The short reactor length prevented this from happening. 

However if the slurry was left just to collect in a dish it would reacted with itself to 

produce an unusable polymer. This was prevented by allowing the reactor output to 

collect in a crystallising dish of moving water (Figure 5). The two feed solutions 

were pumped at a rate of 1.5 mL min
-1

 at ambient temperature. The first solution 

contained magnesium and aluminium nitrates dissolved in water. The second 

solution contained sodium carbonate and sodium hydroxide dissolved in water. Due 

to the inability of monitoring the pH and the fast rate of reaction it was decided that 

the hydroxide would be added by stoichiometric formula, as the other reagents are 

added. Following filtration through a Buchner flask the product was dried in air at 85 

ºC for 12 h.  

It was attempted for all samples to attain similar amounts of nickel in the material. 

The material made by ion exchange (here after referred to as WP1-IE) had nickel 

nitrate added to the water of the collecting dish. This sample was used as the 

standard for nickel concentration to be achieved with the other samples. When 

doping the hydrotalcite, the nickel nitrate was added to the solution of magnesium 

and aluminium nitrate. When nickel was doped in the starting reagent (the sample 
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now referred to as WP1-D1) the concentration of nickel was found to be low. 

Another doped sample was made with double the amount of nickel in the starting 

material (the sample will now be referred to as WP1-D2). Impregnated samples had 

nickel treatment occur after the material had been dried (WP1-E) by re-slurrying in a 

nickel solution. This was repeated on a sample that had been calcined at 500 
o
C for 

12 hrs (WP1-Ec) and on a sampled that had been washed for 2 hrs prior to drying 

(WP1-Ew). 

Table 14. Composition of reagents for the nickel hydrotalcite catalysts 

Sample 

Molar ratios of the ions used as a reagents 

Mg
2+

 Al
3+

 Ni
2+

 CO3
2-

 OH
-
 

WP1-IE 

3 1 

0.3 

0.5 8 

WP1-E 

WP1-Ec 

WP1-Ew 

WP1-D1 

WP1-D2 0.6 
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Procedures of analysis 

ICP-OES were performed by Exeter Analytical using a PE Optima 5300 Dual View 

ICP-OES Spectrometer. Samples were weighed to 6mg and placed into plastic 

microwave tubes and mixed with 5ml nitric acid Analar grade and 1ml hydrogen 

peroxide Analar grade. The samples were digested using an Anton Paar Multiwave 

3000 microwave digester. The microwave method typically lasted for an hour and a 

half. A maximum temperature of 200°C is achieved. When solutions were clear the 

samples are transferred to 50ml centrifuge tubes 0.5ml of internal standard (yttrium) 

added to each tube. The solutions were aliquoted to 50ml with de-ionised water. The 

samples were run against calibration standards of known concentrations. Standards 

containing 10, 30 and 50ppm of Al, Mg and Ni were used in this analysis. A 

calibration curve was constructed from the standards against which the intensity 

readings of the samples could be read.  

Analyses of carbon, hydrogen and nitrogen were performed by Exeter Analytical 

using a CE 440 Elemental Analyser. Samples were weighed around 1-2 mg and 

placed into a high temperature furnace. Once combusted in oxygen the products 

were passed through oxidation reagents to produce carbon dioxide, water, nitrogen 

and nitrogen oxides. The gases were then passed over copper to remove excess water 

and reduce the nitrogen oxides to elemental nitrogen. The detection of the 

combustion products was produced by using thermal conductivity.  

Specific surface area and porosity of materials were studied by cryogenic adsorption 

of nitrogen. The samples were added to sample tubes which were then fitted with a 

glass filler rod and a seal frit.  They were prepared by heating from room 

temperature to 150 C at 10 C/min whilst evacuating at a rate of 5 mm Hg/s, until a 
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pressure of 10 um Hg was achieved.  The temperature was then increased to 200 C 

(at 10 C/min) and held for 1 hour.  The sample was then cooled and the sample tube 

backfilled with nitrogen, and weighed to obtain the dry mass used in subsequent 

calculations. The cold and warm free space was measured automatically by filling 

the sample tube with helium prior to analysis. 

The sample tube was immersed in a bath of liquid nitrogen, and fitted with an 

isothermal jacket to maintain the level of the cryogen around the tube.  Full nitrogen 

adsorption isotherms were collected. 

BET analysis was performed on adsorption data in the relative pressure range 0.06 to 

0.26.  BJH analyses were carried out on the adsorption from 0.29 – 1.00, and 

desorption data from 0.92 – 0.1. These determinations were performed by Ben 

Douglas in the Department of Chemistry, University of Warwick. The instrument is 

a Micromeritics ASAP 2020 Accelerated Surface Area and Porosimetry System, and 

the software is ASAP 2020 v3.03. 

X-ray diffraction patterns were collected using a Bruker D8 Advance X-Ray 

Diffractometer, operating in step scan mode, with Co Kα radiation (1.78897Å). 

Patterns were collected in the range 5 to 75° 2θ with a step size of 0.02° and a rate of 

0.2s per step. Samples were crushed into a powdered form. The reflection positions 

were refined and calculated using the Celref v3.
[92]

 

For the catalytic testing 0.3 g of the catalyst was added to 1 cm
3 

silicon dioxide 

(quartz sand). The gas stream was 97.5 % inert helium (He), 0.5 % ethanol (C2H-

5OH) and 2 % water (H2O). 
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Results and Discussion 

X-Ray Diffraction 

Formation of hydrotalcite was checked for by X-ray diffraction. Hydrotalcite has a 

unique diffraction pattern that can be easily identified. All the nickel hydrotalcites 

exhibited the typical diffraction patterns corresponding to hydrotalcite. They 

displayed slimmer symmetric reflections in the low 2θ range and at high 2θ values 

the reflections became weaker and less symmetric.
[92]

 The indices of reflection (003) 

and (006) were clearly identifiable with reflections at 11.1° and 22.7° 

respectively.
[86]

 The reflections of (009) and (102) were overlapped producing a 

broader signal at 34.5°.
[86, 92]

 The (105) reflection was found at 38.6° and reflection 

(108) was found at 45.8°.
 [86] 

Two reflections of (110) and (113) could easily be 

identified at 60.3° and 61.6°. 
[86, 92] 

The intensities of the peaks were different but the information of the structure is 

gained from the width of the peaks, rather than the height. It should be noted that 

only WP1-E and WP1-Ew had any definition in the (110) and (113) reflections. 
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Table 15. Table of the reflections seen in the diffraction patterns of nickel-

hydrotalcite catalysts. 

Sample 

Reflections hkl 

(003) (006) (009) (105) (108) (110) (113) 

WP1-IE 11.7 23.1 35.1 39.5 47.1 61.6 

WP1-D1 11.6 22.8 34.4 38.5 45 61.2 

WP1-D2 11.5 22.8 34.7 38.4 44.5 61.2 

WP1-E 11.3 22.7 34.6 38.4 44.6 60.6 61.3 

WP1-Ec 11.1 22.3 34.5 38.4 44.6 60.9 

WP1-Ew 11.2 22.6 34.5 38.4 44.6 60.5 61.8 

 

Table 16. Table of the cell parameters and crystallite sizes of the nickel-hydrotalcite 

catalysts. 

Sample 

Cell Parameters (nm) Crystallite Size 

(nm) a b c 

WP1-IE 0.31 0.31 2.26 3.34 

WP1-D1 0.32 0.32 2.28 3.72 

WP1-D2 0.32 0.32 2.31 4.19 

WP1-E 0.32 0.32 2.35 4.75 

WP1-Ec 0.32 0.32 2.38 5.03 

WP1-Ew 0.32 0.32 2.37 5.64 
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Figure 51. X-Ray diffraction pattern of the Mg-Al-Ni hydrotalcite with the nickel 

being added by Ion Exchange (WP1-IE) 
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Figure 52. X-Ray diffraction pattern of the Mg-Al-Ni hydrotalcite with the nickel 

being added by doping (WP1-D1) 
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Figure 53. X-Ray diffraction pattern of the Mg-Al-Ni hydrotalcite with the nickel 

being added by doping (WP1-D2) 
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Figure 54. X-Ray diffraction pattern of the Mg-Al-Ni hydrotalcite with the nickel 

being added by impregnation (WP1-E) 
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Figure 55. X-Ray diffraction pattern of the Mg-Al-Ni hydrotalcite with the nickel 

being added by impregnation (WP1-Ec) 
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Figure 56. X-Ray diffraction pattern of the Mg-Al-Ni hydrotalcite with the nickel 

being added by impregnation (WP1-Ew) 
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Inductively coupled plasma – optical emission spectroscopy (ICP-OES) / Carbon, 

Hydrogen and Nitrogen analysis (CHN) 

WP1-IE had nickel added to the washing water and was washed for 2 h, a similar 

method used to create the HTCF2h with pure water. This gave a metal ratio similar 

to HTCF2h. The carbon concentration was lower than it was for the HTCF2h and the 

nitrogen was higher. This was likely due to the addition of nickel as nickel nitrate. 

 WP1-D1 and D2 were not washed for any extended period of time, in the manner of 

HTCFw, the nickel being added to the hydrotalcite in the starting reagents. The 

doped hydrotalcite had a similar metal ion ratio as HTCFw. The amount of carbon 

was lower than would be expected again, just as the nitrogen was higher. This again 

can be attributed the use of nickel nitrate for doping. It was seen clearly that when 

the nickel nitrate is doubled in WP1-D2 the carbon content decreased by roughly the 

same amount as the nitrogen increased. As all other reagents, except the nickel 

nitrate, were kept constant the change in percentage value can be attributed to the 

increased presence of nickel nitrate. 

WP1-E was an unwashed dry powder when it was returned to water to be washed in 

a nickel solution. It would appear that metals in WP1-E have been washed out as 

magnesium content was significantly less than aluminium. Even when accounting 

for the uptake of nickel, the amount of M
2+

 was far too low. This was likely due to 

the small pore volumes seen in Chapter 2 of the unwashed flow samples. This would 

mean that the interaction of the nickel would be only on the surface of the particle. 

The carbon content was significantly lower than would be expected. It was likely 

that the washing replaced the bicarbonate found in unwashed flow samples with the 

nitrate in the nickel nitrate. 
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WP1-Ec was also a dry powder that was calcined at 500 
o
C before being added to a 

nickel solution. Hydrotalcites are known to return to their original structure from 

their mixed oxides form when rehydrated. This allowed the uptake of nickel into the 

structure when the lattice layer reformed. This would give the sample characteristics 

closer to batch prepared material. The carbon content was low for two reasons. The 

calcination process of hydrotalcite goes through decarbonation driving off the carbon 

as carbon dioxide. Normally this can be replaced during reforming with the carbon 

dioxide in the air being sufficient. In this case the nitrate was already present in the 

reforming taking the place of the carbonate in the layer. 

WP1-Ew was a dry sample that was washed for 2 h before being dried. After it had 

been dried before it was added to the nickel solution. Due to reforming of the sample 

in the washing process, the carbonate becomes a bridging carbonate instead of being 

in the bicarbonate form found in the unwashed samples. The sample was dry when 

added to nickel but the sample was in a more stable form, so neither the metals or the 

carbon were easy to replace with nitrate. 
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Table 17. Table showing the different component of each catalyst by percentage 

 

ICP CHN 

Mg (%) Al (%) Ni (%) C (%) H (%) N (%) 

WP1-IE 13.41 12.34 8.29 1.50 3.29 1.34 

WP1-D1 14.55 7.26 4.71 1 2.46 4.74 

WP1-D2 12.46 6.37 8.31 0.67 2.43 5.06 

WP1-E 8.30 18.37 5.94 0.13 3.01 3.47 

WP1-Ec 13.44 18.23 9.01 0.40 2.36 2.10 

WP1-Ew 16.78 8.54 6.87 1.30 3.05 2.82 

 

Table 18. Table showing the metal ratios found in each of the catalysts. 

 
Ratio of the metals 

(Mg:Al:Ni) 

Ratio of the metals 

(M
2+

:M
3+

) 

WP1-IE 1.1:1:0.7 1.8:1 

WP1-D1 2:1:0.7 2.7:1 

WP1-D2 2:1:1.3 3.3:1 

WP1-E 0.5:1:0.3 0.8:1 

WP1-Ec 0.7:1:0.5 1.2:1 

WP1-Ew 2:1:0.8 2.8:1 
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Surface area and pore size distribution analysis 

The samples displayed a Type IV isotherm like the standard hydrotalcites discussed 

in Chapter 2. 
[76, 132]

 All the samples except for the doped samples (WP1-D1 and 

WP1-D2) had larger surface area which would indicate that the material had 

macropores but the hysteresis also indicates that the material had mesopores in its 

structure. The small surface area of WP1-D1 and WP1-D2 would indicate that the 

material is a non-porous material rather than the macroporous material. This smaller 

surface area is analogous to the HTCFw samples made in Chapter 2 which also 

exhibit a small surface area.    

Table 19. BET surface area of Ni-HTC samples 

Sample BET Surface Area (m
2
 g

-1
) 

WP1-IE 88 

WP1-D1 8 

WP1-D2 9 

WP1-E 48 

WP1-Ec 20 

WP1-Ew 23 
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Figure 57. Isotherm for WP1-IE. Adsorption (solid line) and desorption (dashed line) 
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Figure 58. Isotherm for WP1-D1. Adsorption (solid line) and desorption (dashed 

line)  
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Figure 59. Isotherm for WP1-D2. Adsorption (solid line) and desorption (dashed 

line) 
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Figure 60. Isotherm for WP1-E. Adsorption (solid line) and desorption (dashed line) 
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Figure 61. Isotherm for WP1-Ec. Adsorption (solid line) and desorption (dashed 

line) 
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Figure 62. Isotherm for WP1-Ew. Adsorption (solid line) and desorption (dashed 

line) 

 

The BJH method was used to determine the pore volume and the distribution of the 

size. Sample WP1-IE displayed two peaks indicating that pores of two sizes had a 
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prevalent existence within the structure. The first peak showed a pore diameter of 5 

nm with a pore volume of 0.121 cm
3
 g

-1
. The second peak had a diameter of 41 nm 

with a pore volume 0.127 cm
3
/g. The presence of two pore diameters was likely due 

to nickel within in the lattice. It was seen in Chapter 2 that when a flow made sample 

was washed it is able to rearrange to a more favourable configuration. This would 

require a certain amount of dissolution and re-precipitation. This process would not 

be taking place on an atomic level as parts of the lattice would already be in the low 

energy state with the aluminium “in phase” as described in Chapter 2. The re-

precipitation of the material would allow for the incorporation of nickel into lattice 

with an uneven distribution. The smaller pore size had been recorded before in the 

interaction of nickel and alumina in a lattice 
[191]

 while the larger pores are more like 

the pore distribution seen in hydrotalcite. 

Samples WP1-D1 and WP1-D2 had pores that were much smaller than the other 

samples, much like the unwashed sample HTCFw of Chapter 2. For WP1-D1 the 

peak width the pore was 14 nm and had a volume of 0.016 cm
3
/g. For WP1-D2 the 

peak width the pore was 17 nm and had a volume of 0.01 cm
3
/g. This would support 

the idea that unwashed flow samples only had more inclination to form mesopores, 

than to form macropores resulting in the lower surface area. The nickel catalysts had 

a larger surface area than HTCFw of Chapter 2 due to the larger nickel atoms being 

included in the lattice layer, distorting it and increasing the pore volume. This was 

evident by an increase in pore size distribution corresponding with an increase in the 

content of nickel seen in the ICP analysis. 

Samples WP1-E and WP1-Ew had similar distribution patterns. The peak width of 

the pores was 23 nm for WP1-E with a volume of 0.07 cm
3
/g. WP1-Ew had a peak 
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width of 20 nm with a volume of 0.044 cm
3
/g. The WP1-E sample was an unwashed 

flow material prior to impregnation with nickel so would be expected to have the 

smaller pores, yet the pores of washed WP1-Ew were smaller. The pore sizes for 

both catalysts were significantly smaller than HTCFw and HTCF2h. It would 

suggest that the addition nickel material impregnated on the surface of the particles 

filling the pores. 

WP1-Ec had been an unwashed flow sample that had been calcined, before 

impregnation with nickel. Due to the calcination the material had been rendered to 

the mixed oxide form of the material before being added to the nickel solution. 

These mixed metal oxides had also shown the capacity to be regenerated back to a 

hydrotalcite structure by rehydrating the metal oxides through contact with water. 
[89, 

92]
 It was through this regeneration that the nickel became incorporated into the 

structure. As the structure that was made in continuous flow was destroyed, a new 

structure was formed from the rehydration of mixed oxides in the batch process 

environment. The pore size distribution of this material resembled that of HTCB in 

Chapter 2. The peak pore diameter was 42 nm and the pore volume 0.034 cm
3
/g. 
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Table 20. Summary of the pore distribution from the BJH analysis. 

 Pore Diameter (nm) Pore Volume (cm
3
/g) 

WP1-IE 

5 0.121 

41 0.127 

WP1-D1 14 0.002 

WP1-D2 17 0.010 

WP1-E 23.2 0.070 

WP1-Ec 41.56 0.034 

WP1-Ew 19.5 0.044 
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Figure 63. BJH analysis of the pore distribution of WP1-IE 
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Figure 64. BJH analysis of the pore distribution of WP1-D1 
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Figure 65. BJH analysis of the pore distribution of WP1-D2 
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Figure 66. BJH analysis of the pore distribution for WP1-E 
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Figure 67. BET analysis of the pore distribution of WP1-Ec 
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Figure 68. BJH analysis of the pore distribution of WP1-Ew 

Thermogravimetric analysis 

As with the hydrotalcites made in Chapter 2, the TGA curves of these materials 

showed weight loss occurring in three distinct stages. Weight loss between ambient 

temperature to 250 °C can be attributed to the loss of external surface water and 

water found in the interspatial layer, along with a partial dehydroxylation occurring 

simultaneously.
[74, 98] 

The DTA scan showed two definite endothermic peaks. A 

broad curve appeared at the beginning of the scan in the range of the water 

removal.
[116]

 The broad curve displayed by the samples showed two distinct areas of 

loss. Surface water was removed first, and then water from within the lattice, 

needing more heat, was removed. 

The second region, between 250 to 430
 
°C showed dehydroxylation and the 

decarbonation of the lattice layer.
[89]

 The large peak, seen in the DTA, was the 

evolution of carbon dioxide by the interspatial carbonate anions 
[76, 116]

 in the range 
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that the lattice collapses (see XRD above). For the samples WP1-D2 and WP1-Ec, 

this second peak had a shoulder indicating two unresolved peaks. Forano et. al. 

states that the first of these was the dehydroxylation of the aluminium. The second 

peak represented the dehydroxylation of magnesium and decarbonation of the 

interspatial carbonate anions. 
[116]

 The third region, at temperatures above 430 °C, 

was attributed to the loss of any volatile species and the decomposition of 

mineralised magnesium carbonate.
[76, 92, 98]

 

For the nickel hydrotalcites the DTA showed a fourth area found in 730 and 800 °C 

region. It had been reported, in the literature, that this was the temperature region 

that nickel oxide and nickel aluminium spinel (NiAl2O4) final separate 
[192, 193]

 WP1-

D1 and WP1-D2 had a weight loss that accompanied this region though none of the 

literature reported a weight loss in this area. It was only seen for the doped samples 

which had so far behaved in a similar fashion to HTCFw. If this tread continued 

WP1-D1 and WP1-D2 would not form a nickel aluminium spinel, but form nickel 

and aluminium oxide. At these temperatures it has been seen that these oxide will 

reduce to form nickel aluminide (NiAl). 
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Figure 69. TGA and DTA data for Mg-Al-Ni hydrotalcite made with the nickel being 

added by Ion Exchange (WP1-IE) 
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Figure 70. TGA and DTA data for Mg-Al-Ni hydrotalcite made with the nickel being 

added by doping (WP1-D1) 



 

 

 

  
121 

 
  

0 200 400 600 800 1000
50

60

70

80

90

100

W
ei

g
h

t 
L

o
ss

 /
 %

Termperature / oC

 TGA

-0.02

-0.01

0.00

 Derivative  d
m

/d
t 

/ 
a.

u
.

 

-10

-8

-6

-4

-2

0

2

 DTA

 D
T

A
 /

 m
W

 

Figure 71. TGA and DTA data for Mg-Al-Ni hydrotalcite made with the nickel being 

added by doping (WP1-D2) 
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Figure 72. TGA and DTA data for Mg-Al-Ni hydrotalcite made with the nickel being 

added by doping (WP1-E) 
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Figure 73. TGA and DTA data for Mg-Al-Ni hydrotalcite made with the nickel being 

added by doping (WP1-Ec) 
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Figure 74. TGA and DTA data for Mg-Al-Ni hydrotalcite made with the nickel being 

added by doping (WP1-Ew) 
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Catalytic Testing 

Of the samples made, two were used for catalytic testing. This was due to the 

samples having similar nickel content. The samples used were WP1-D2 and WP1-

Ec. Both samples tested showed to be catalytically active. 

Reducibility of the catalyst was monitored by temperature programmed reduction 

(TPR). This is a technique used to find the most efficient reduction conditions. The 

oxidised catalyst precursor was submitted to a programmed temperature rise while a 

reducing gas mixture was flowed over it. The maximum temperature peak of WP1-

D2 was seen at 507 °C. It has been reported that it was at this temperature that only 

metal oxide will be reduced.
[194, 195]

 WP1-Ec however displayed two maximum peaks 

at 538 and 1266 °C. While the first maximum temperature peak is the reduction of 

the metal oxides displayed in WP1-D2 the second was attributed to the reduction of a 

Ni/Al spinel. 
[195]

 As proposed in Chapters 2 and 3, unwashed flow samples that 

were produced by kinetic control, reduce to a mixed oxide form due to the lack of 

Al-O-Al bonds linking the lattice layers together. WP1-D2 was a doped sample that 

was synthesised in this manner. It was unwashed and subjected to kinetic control 

only. WP1-Ec was synthesised in the same manner, however the sample was 

calcined prior to being added to a nickel solution for the impregnation process. The 

rehydration process would have caused the mixed oxides to regenerate the original 

hydrotalcite structure incorporating the nickel in the process. This process was 

performed in batch and the formation of the structure became subject to 

thermodynamic control. It had been discussed that material produced by 

thermodynamic control will form a spinel through the linking oxygen bridges. The 

TPR profile adds support to this theory. 
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Figure 75. Reduction of catalysts WP1-D2 and WP1-Ec. 

The catalyst WP1-D2 displayed a better activity than WP1-Ec. WP1-Ec took longer 

to reach its maximum activity but still did not reach the same level of activity as 

WP1-D2. At around 700 °C WP1-D2 produced a large amount of methane without 

decreasing the quantity of hydrogen produced. It was unclear why this happened and 

something that in situ spectroscopy could possibly better account for. It is around 

this temperature that the fourth weight loss region is found in TGA of WP1-D2. It 

was suggested that the only nickel material that would remain at those temperature 

would be nickel aluminide (NiAl). This could also be the case here. Since the nickel 

aluminide is a metal alloy it was already in the reduced state and would not be seen 

in the TPR. It has been reported that an increased metallic quality in the catalyst 

facilitates the cleaving of the carbon-carbon bond. WP1-Ec did not show any of the 

additional loss of weight in this temperature range but the DTA does show the 

arrangement and separation of metal oxides and spinel forms. Spinel is known to be 
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inactive unless when reduced. Lower activity of WP1-Ec may be due to not all the 

nickel being reduced because of this spinel form.  
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Figure 76. Hydrogen release from the catalyst WP1-D2 over time. 
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Figure 77. Hydrogen release from the catalyst WP1-Ec over time. 

When compared with other catalysts used for ethanol steam reforming, the results 

show 100% conversion of ethanol with a high selectivity to hydrogen. This was 

particularly evident when looking at another Ni/MgO-Al2O3 catalysts
[197] 

which had 

the same components as the hydrotalcite catalyst produced during the project. While 

this catalyst had a 100% conversion of ethanol, its selectivity to hydrogen was lower 

and a greater amount of unwanted products were also produced. 
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Table 21. A table comparing the conversion (%) of ethanol and the selectivity (%) of 

different catalysts. 

 

X 

EtOH 

(%) 

Selectivity (%) 

H2 CO CO2 CH4 C2H4 C3H6 
CH3

CHO 

Me2

CO 

WP1-D2 100 70 6 23 2 - - - - 

WP1-Ec 100 70 2 26 2 - - - - 

Co/MgO 
[196]

 29 55 <1  2 2 4 28 - 

Co/Al2O3 
[196]

 100 <1 - <1 <1 99 - - - 

Co/SiO2 
[196]

 87 50 3 4 2 3 <1 38 - 

Co/TiO2
[196]

 16 47 - 4 <1 13 - 34 - 

Co/V2O5
[196]

 100 54 - 16 1 20 <1 6 3 

Co/ZnO 
[196]

 100 71 - 20 <1 <1 <1 <1 7 

Co/La2O3 
[196]

 85 63 - 22 1 1 <1 <1 12 

Co/CeO2 
[196]

 94 70 - 21 <1 2 <1 <1 6 

Co/Sm2O3
[196

]
 

86 65 - 
21 

2 7 <1 - 5 

Ni/Al2O3 
[197]

 100 60 5 19 - 16 - - - 

Ni/MgO- 

Al2O3
[197]

 
100 59 5 18 2 16 - - - 

Ni/ZrO- 

Al2O3 
[197]

 
100 55 1 22 - 22 - - - 

Ni/CeO- 

Al2O3 
[197]

 
100 57 3 21 2 18 - - - 

Ni/LaO- 

Al2O3 
[197]

 
95 58 3 22 4 13 - - - 

Et = ethyl (CH3CH2), Me = methyl (CH3), - = data that is not given 

 

Conclusions  

Structural information from X-ray diffraction clearly shows that a hydrotalcite 

structure is formed in the synthesis. It also shows that nickel is incorporated into the 

structure rather than form alternative products. This incorporated nickel caused a loss 

of definition in the diffraction pattern due to the large size of the atom distorting the 

lattice. ICP showed that the best M
2+

/M
3+

 ratio is produced by the doped samples 

WP1-D1 and WP1-D2. This ratio is seen as favourable in the production 



 

 

 

  
128 

 
  

hydrotalcites. However hydrotalcites are made with other ratios, which are why the 

lower metal ratios of the samples that used washing at some stage of the synthesis 

still produce a hydrotalcite structure. The washing process is considered the reason 

for the loss of metal in the materials.  

In Chapter 2 it was observed that unwashed materials produced in a continuous flow 

process result in a low surface area in the BET analysis while the washed samples 

exhibit larger areas. The trend continues with Ni modified samples. Doped samples, 

being unwashed, have the smaller surface areas presented by any of the samples. The 

samples that have the larger surface areas have been washed at some point in their 

synthesis, whether it was directly after synthesis as a washing stage or after drying 

during the nickel impregnation process. The exception to this is WP1-Ec. This is 

likely because of the calcination process experienced by the sample prior to the 

impregnation process. The calcination destroyed the lattice structure and rendered 

the hydrotalcite to its mixed oxide form. This mixed oxide is well known for being 

able to rehydrate back to the original structure.  

Cryogenic nitrogen adsorption reveals Type IV isotherms for all the samples shows 

the presence of micropores. Since Type IV isotherms are observed for nonporous 

and mesoporous materials it can be assumed that those samples with larger surface 

areas have mesopores and micropores. The samples of smaller surface area have 

only micropores. These pore sizes also reflect the findings of Chapter 2. The smaller 

pore sizes belonging to the unwashed doped samples and larger pores to the samples 

that have experienced washing. It was discussed in Chapter 2 that the larger pores of 

repercussion of the washing process.  
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For most of the samples the thermal decomposition in the TGA shows standard three 

tiered cascade of hydrotalcite decomposition, except for the doped samples. The 

doped samples exhibit a fourth weight loss region. This fourth region is thought to be 

nickel oxide and aluminium oxide reacting to form a nickel aluminide alloy (Ni3Al). 

Though this theory does explain the results obtain it is still only speculation and will 

require an in situ spectroscopy to confirm what is happening. Chapter 3 suggested 

that the product of continuous flow processes do not reduce to a spinel form as is 

reported about the batch produced counterparts. This was thought to be due to the 

formation of bicarbonate ions instead of carbonate ions. WP1-Ec, once calcined and 

reformed in the nickel impregnation, is a material produced by thermodynamic 

control. When reduced a peak at high temperature is evident of the spinels structures. 

WP1-D2 is a material produced by kinetic control and the reduction shows no spinel 

presence. The formation of nickel aluminide would not be seen in the reduction as 

the metal alloy is already in a reduced state. 

There is another source of evidence of the increased metallic nature of WP1-D2. At 

the temperature of fourth weight loss region witnessed in the TGA WP1-D2 

produces considerable amounts of ethane. The cleaving of a carbon-carbon bond is 

done with a metallic catalyst. Overall the WP1-D2 was catalytically more active than 

WP1-Ec. This is likely because the spinel were inactive due to not being fully 

reduced. 

The performance of the catalyst showed a greater selectivity for hydrogen than other 

catalyst in literature. It also demonstrated the unique properties of the calcined mixed 

oxide, as a catalyst with similar components demonstrated a lower performance than 

the hydrotalcite.  
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This area of the project is still ongoing through the BioGo project. The catalytic 

activity of the other samples is still required; with priority given to WP1-IE as it has 

similar nickel content to WP1-Ec. Spectroscopy of the doped samples would be 

required to establish what happens to the samples during the fourth weight loss 

region.   
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Chapter 5 - Zirconium Basic Sulfates 

Literature Review 

In previous chapters it has been discussed that the hydrotalcite made in a continuous 

flow process was subject to a kinetic control rather than the thermodynamic control 

seen in the batch process. The properties of the material prepared under kinetic 

control could be changed to resemble those of a thermodynamic control material 

through washing, but not to the same extent that it would have it was simply made in 

batch. Due to hydrotalcite becoming solid as soon as it was formed it was not 

possible to explore whether the kinetic material could be aged to a thermodynamic 

material in flow. This project was part funded by MEL Chemicals who were 

interested in investigating the possibility of producing zirconium basic sulfate in a 

continuous flow process. In their batch process they were able to be able to produce 

a 5 and 1 µm particles by altering the concentration of the starting reagents. While 

MEL Chemicals were unable to discuss the exact method of their batch process they 

were interested if particle size could be controlled in a continuous flow process. With 

this particle growth being a result of thermodynamic process and the particles in 

question being practical to work with, it gave a scenario to investigate. 

Particle size increases due to a material preference to be at a lower energy state. 

Larger particles with lower chemical potential will grow as smaller particles with 

higher chemical potentials dissolve. The driving force behind this is the reduction of 

the total surface energy of the system.
[198] 

Chemical potential is dependent on a 

number of factors: concentration, temperature and pressure. Pressure does not play a 

role in the particle size in the batch synthesis of hydrotalcites as it is kept constant. In 

a batch reactor, the heating process is dependent on surface area of the heated 
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surface, not volume of the reactor. While both the volume and the surface area are 

increased during the scaling up, the scale is usually related to a linear dimension. 

Because volume increases to the power of three and the surface area by the power of 

two, a difference is produced in the scaling up that leads to uneven heating, creating 

hot spots with in the mixture.
[15]

 As temperature increases the chemical potential 

drops, therefore within these hot spots are particles which have a lower chemical 

potential than those particles in the lower temperature areas of the reactor. In a co-

precipitation batch reaction the reactant are added slowly into the batch reactor 

slowly building up the concentration of the product. The chemical potential of the 

particles increases as the concentration increases and this encourages the dissolution 

of the particles at a higher chemical potential. This allows for the re-precipitation of 

materials on particles of lower chemical potential allowing the particle to grow. This 

in turn lowers the chemical potential further and with it the surface energy. This is 

further encouraged by the mixing of larger batch reactors. As the size of the batch 

increases, the mixing efficiency decreases, thus creating concentration gradients. 

A basic zirconium sulfate is categorised as a complex containing zirconium and 

sulfate ions in a ratio greater than 1:2. 
[199-201]

 The zirconium in this compound is in 

the +4 oxidation state, making it coordinate in an eight pointed polyhedron in the 

form of a dodecahedron.
 [202]

 The central atom of the dodecahedron is a zirconium 

atom bound to eight coordinating oxygen atoms. In zirconium basic sulfate, four of 

these coordination points belong to the sulfate ions acting as sulfate bridges.
[201]

  

Zirconium basic sulfate is used as a precursor to producing zirconia. Zirconia is 

produced from zirconium oxychloride solution in hydrochloric acid that is caused to 

precipitate with ammonia. 
[202] 

Yet to obtain a substantially pure zirconium-bearing 
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species from an impure oxychloride solution, basic sulfate solutions are used as a 

precursor. 
[202] 

When zirconium basic sulfate is added to cetyltrimethylammonium bromide 

(CTMA-Br) it forms hexagonal phase zirconium oxide 
[203]

. This can be further 

stabilised by H3PO4 acidic treatment. These materials have shown some properties 

that closely mimic those of MCM-41.
[204]

  

The synthesis of the zirconium basic sulfates is achieved by the continuous addition 

of zirconium oxychloride to sulfuric acid.
[201, 205, 206]

 This method is used as it forms 

a precipitate in a good yield. 
[206] 

The Zr
4+

/SO4
2-

 ratio is given to be between 5:2 and 

5:3.
[202, 207]

 At this range and higher the amount of Zr
4+ 

ions lost in the filtrate is 

0.05%. At lower ratios than this, the percentage of lost Zr
4+

rises.
[202] 

The synthesis is 

usually done at elevated temperature.
[201, 205]

 The product may also require ageing in 

a heated environment as it is reported that at temperatures above 70 °C the product 

will spontaneously precipitate.
[206, 208]

  

Experimental 

Methods of Preparation 

Zirconium oxychloride was pumped together with sulfuric acid under flow 

conditions at a ratio of 5:3. The system comprised of a peristaltic pump (Ismatec 

ISM597D) fitted with 3-stop 0.51 mm ID PVC tubes and a Y-mixer (PEEK 0.5 mm). 

The reactor was a PVC tube with 1 mm ID and 2 m in length (Figure 79). The 

maximum flow rate was found to 0.2 ml min
-1

; any faster was not enough time for 

precipitation to occur. 
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The samples in series 1 were prepared in the manner described above. The reactor 

for this series of samples was kept in a single length and the temperature was held 

constant at 80 °C for all samples as this was a common temperature in literature. 

Concentration of zirconium oxychloride was varied at 100%, 50% and 25 %. 

 

Figure 78. An illustration of the equipment set up used for series one. 

Table 22. Table of conditions used for series one 

Concentration Zr
4+

:SO4
2-

 Ratio Temperature °C 

100 % 

5:3 80 50 % 

25 % 

 

In series two the samples were made in the manner described above with the reactor 

being kept as a single length like the series one samples (Figure 79). The temperature 

was altered between 40 and 90 °C for each sample but the temperature decided upon 

was kept constant throughout the reaction. 
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Table 23. Table of conditions used for series two. 

Temperature Concentration Zr
4+

:SO4
2-

 Ratio 

40
 
°C 

100 % 5:3 

50
 
°C 

60
 
°C 

70
 
°C 

80
 
°C 

90
 
°C 

 

From the previous samples it was found that 80 °C was the best for precipitation. 

The experiment of series two was repeated, this time with the reactor split into two 

lengths of 1 m and the latter length being kept constant at 80 °C (Figure 81). This 

was done to try and create a small number of seeds at one temperature. Those seed 

would drop in chemical potential at the higher temperature facilitating their growth 

by adsorbing the unreacted zirconium still in solution. 

 

Figure 79. An illustration of the equipment set up used for series three. 
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Table 24. Table of conditions used for series three 

Temperature Concentration
 

Zr
4+

:SO4
2-

 Ratio 

40/80 °C 

100 % 5:3 

50/80 °C 

60/80 °C 

70/80 °C 

80/80 °C 

90/80 °C 

 

In series four of experiments the temperature was kept the same for both 

temperatures. T1 was 90 °C and T2 was 80 °C. This time the number of moles of Zr 

was added in two stages. The idea being that the smaller amount will form nuclei in 

the first stage and the remaining amount will precipitate around the seeds that have 

already formed. The smaller amount added to the sulfuric acid and heated to 90 °C 

while the remaining amount was added by a second pump (beaker C) and added to 

the rest of the reaction just before the change in temperature through a Y-mixer 

(PEEK 0.5 mm). The Zr from beaker C was heated to 80 °C before joining the main 

reaction.  
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Figure 80. An illustration of the equipment set up used for series four. 

Table 25. Table of conditions used series four. 

Percentage of 

Zr in Jar 1
 

Percentage of 

Zr in Jar 2
 

Concentration 

Zr
4+

:SO4
2-

 

Ratio 

Temperature 

°C 

10 90 

100 % 5:3 90/80 

20 80 

30 70 

40 60 

50 50 
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Procedures of analysis 

The yield of precipitation was determined by EDTA titration using xylenol orange. 

Once the precipitate was separated, the remaining liquor was used for titration. 

Xylenol orange indicator (pH range 3.2 – 4.4) was added to the liquor and titrated 

against 0.1 M EDTA solution until the pink solution turned yellow. The number of 

moles of zirconium detected in the titration was subtracted from number of moles 

added at the beginning of the experiment. 
[199]

   

Infra-red spectroscopy was used qualitatively in order to be certain of the production 

of the basic sulfate. A Bruker Alpha FT-IR Spectrometer (Platinum ATR) was used 

with the ZBS wet cake placed directly on the sampling area. 

Microscopy was done on a Polyvar microscope at x50 magnification and pictures 

taken on an Olympus digital camera. The samples were prepared by adding 0.01 g of 

wet sample to 5 ml of water. Sonification and stirring were used to separate and 

disperse the particles. The solution was applied to a slide and left for 12 hrs at 

ambient temperature to allow the water to evaporate. This method was employed as 

it gave the best separation of the particles. Other methods were attempted but 

resulted in the particles agglomerating during the drying process.  

 

Results and Discussion 

EDTA Titration 

All three samples in series one were produced at respectable yields. The actual 

masses of ZBS could not be exactly calculated due being unable to dry the product 
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completely. The drying process causes particle to agglomerate and obscure the result 

of the particle size. 

Table 26. Yields of ZBS as found in the titration of series one. 

Concentration Yield (%) 

100 % 89.2 

50 % 87.9 

25 % 88.8 

 

For series two yields at 40 and 50 °C produced very small quantities of ZBS as the 

temperature was too low for precipitation. 60 and 70 °C produced better yields but 

were far from acceptable. The only respectable yields came from the higher 

temperatures of 80 and 90 °C. 

Table 27. Yields of ZBS as found in the titration of series two. 

Temperature Yield (%) 

40
 
°C 7.8 

50
 
°C 2.3 

60
 
°C 16.6 

70
 
°C 25.3 

80
 
°C 89.3 

90
 
°C 88.3 
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All samples in series three produced respectable yields as the final length of the 

reactor was above the precipitation temperature. A trend can be seen in the yields, 

with the samples made with a lower starting temperature producing a higher yield.  

Table 28. Yields of ZBS as found in the titration of series three. 

Temperature Yield (%) 

40/80 °C 89.4 

50/80 °C 89.1 

60/80 °C 88.6 

70/80 °C 88.8 

80/80 °C 87.4 

90/80 °C 88.4 

 

As all the samples in series four were produced at temperatures above the 

temperature required for precipitation the yields were all of acceptable values. 

Table 29. Yields of ZBS as found in the titration of series four. 

Percentage of Zr in Jar 1
 

Percentage of Zr in Jar 2
 

Yield (%) 

10 90 89.2 

20 80 89.8 

30 70 89.6 

40 60 88.4 

50 50 88.8 
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Infrared Spectroscopy 

The spectra produced by series one showed peaks at 1211, 1099 and 1010 cm
-1

 that 

were the adsorption band assigned to bidentate sulfate ions co-ordinating to Zr
+4

.
[209, 

210]
 The peaks at 3217 and 1631 cm

-1
 were peaks associated with hydroxide ions.

[209, 

211]
 The greater intensity of the sulfate bands showed the sulfate bridges mentioned 

in the literature.
[201]
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Figure 81. Infra-red spectra of series one ZBS produced at different concentrations. 

Spectroscopy of series two showed some weakening of the sulfate band at 1010 cm
-1

 

in the samples made at 60 and 70 °C. Due to the temperature not being sufficient for 

full precipitation it was likely these materials were not as stable as those at 80 and 90 

°C. 
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Figure 82. Infra-red spectra of series two ZBS produced at different temperatures. 

All samples in series three produced the expected spectrum with all the bands in the 

expected places. 
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Figure 83. Infra-red spectra of series three ZBS produced using dual temperature 

control. 
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As with the yields, the series four samples produced spectrum that displayed all the 

required bands at the necessary wavelengths. 
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Figure 84. Infra-red spectra of series four ZBS produced at different varied 

concentration. 

 

 Microscopy 

While images from all the samples were taken, all except the image below (see 

Figure 85) are to be found in the Appendix. Using the ImageJ software, 

measurements of the particle dimensions were taken and put into a histogram as seen 

below. From these measurements it can be seen that the produced samples had a 

range of particle sizes, though the largest distribution of particles were below 1 μm 

and the majority of particles were below 2 μm. With such a preference for the 

smaller particles, the particle measurements of 4 and 5 μm were more likely 

agglomerates of these smaller particles than larger particles. 
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Figure 85. Image from the microscopy of series one 100 % 
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Figure 86. Histogram illustrating particle size distribution of series one ZBS 

produced with 100 % concentration of zirconium oxychloride. 
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Figure 87. Histogram illustrating particle size distribution of series one ZBS 

produced with 50 % concentration of zirconium oxychloride. 
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Figure 88. Histogram illustrating particle size distribution of series one ZBS 

produced with 25 % concentration of zirconium oxychloride. 
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The series two histograms of the particle size distribution showed the same 

preference to the smaller particles as the histograms showed in the series one 

samples. Samples made at 80 and 90 °C displayed a higher number of larger 

particles but these were likely agglomeration of the smaller particles that the ImageJ 

software could not separate. 
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Figure 89. Histogram illustrating particle size distribution of series two ZBS 

produced at 60 °C. 
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Figure 90. Histogram illustrating particle size distribution of series two ZBS 

produced at 70 °C 
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Figure 91. Histogram illustrating particle size distribution of series two ZBS 

produced at 80 °C 
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Figure 92. Histogram illustrating particle size distribution of series two ZBS 

produced at 90 °C 

As seen before the dual temperature process of series three produces smaller 

particles and agglomerations at larger sizes. 
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Figure 93. Histogram illustrating particle size distribution of series three ZBS 

produced at 40/80 °C 
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Figure 94. Histogram illustrating particle size distribution of series three ZBS 

produced at 50/80 °C 
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Figure 95. Histogram illustrating particle size distribution of series three ZBS 

produced at 60/80 °C 
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Figure 96. Histogram illustrating particle size distribution of series three ZBS 

produced at 70/80 °C 
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Figure 97. Histogram illustrating particle size distribution of series three ZBS 

produced at 80/80 °C 
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Figure 98. Histogram illustrating particle size distribution of series three ZBS 

produced at 90/80 °C 
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The histograms of series four showed, once again, a preference for smaller particles 

with no indication of any increase in overall particle size. 
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Figure 99. Histogram illustrating particle size distribution of series four ZBS 

produced with 10:90 molar ratio split. 
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Figure 100. Histogram illustrating particle size distribution of series four ZBS 

produced with 20:80 molar ratio split. 
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Figure 101. Histogram illustrating particle size distribution of series four ZBS 

produced with 30:70 molar ratio split. 
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Figure 102. Histogram illustrating particle size distribution of series four ZBS 

produced with 40:60 molar ratio split. 
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Figure 103. Histogram illustrating particle size distribution of series four ZBS 

produced with 50:50 molar ratio split. 
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Conclusions 

The concentration variations of series one in the starting reagents do not the affect 

the size of the particles in the continuous flow process as they do in the batch. Unlike 

the batch process the concentration of the reagents does not affect the concentration 

in the reactor. The concentration along the reactor is constant as is the temperature 

control. This means all the particles that are formed have the same chemical 

potential. Therefore, all particles are dissolving and precipitating at the same rate, 

preventing any particles from growing. Because of this it was decided to keep the 

concentration of zirconium oxychloride at 100 % for all the following samples. 

While an increase in temperature in series two does decrease the chemical potential 

of a particle, it is the temperature variations in the batch process that would result in 

the increase in particle size. The temperature in the continuous flow process is 

constant throughout the reactor. With the constant temperature and concentration the 

particles are of similar potentials, resulting in no particle growth. Due to the sample 

made at 80 °C giving the better yield and spectrum it was decided to remain with the 

literature temperature through the following samples. 

The method of series three failed due to it not having a temperature gradient. The 

temperature changed but due to the controlled environment of the continuous flow 

process the chemical potentials changed for all the material at each temperature in a 

uniformed manner nullifying at potential gradient.  

The process method of series four also failed due to the controlled environment of 

the continuous flow process. Through the concentration and the temperature did 

change it changed in a uniformed manner along the latter length of the reactor. This 

prevents any gradient in the reactor. 
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This study has shown that the production of zirconium basic sulfate is possible in a 

continuous flow process. It also demonstrates that a continuous flow process will 

only produce the kinetic product rather than allow a thermodynamically stable 

product to be reached. In this particular case, the particle size cannot be increased. 

The particle size can be altered in the batch process due the variable environment 

within the reactor. Inefficient mixing creates concentration gradients where material 

in the lower concentration regions will be of a lower chemical potential, encouraging 

the dissolution of the particles of higher potential in the higher concentration regions. 

This is further encouraged by inefficient heating creating a temperature gradient 

affecting the chemical potentials of the materials in a similar manner as the 

concentration. It is the gradients within the batch reactor that allow for the 

thermodynamic product to be produced and the particle size to increase. 

In a continuous flow reactor these gradients do not exist. The advantage of the flow 

reactor is the ability to control the environment of the reactor. The uniformity of the 

reactor environment eliminates any temperature or concentration gradients, keeping 

all the materials at similar chemical potentials limiting particle growth. 

While a temperature gradient would not be possible to achieve within the continuous 

flow reactor, it may be possible to create a concentration gradient. Using a syringe 

pump (see Figure 104 below), or a pump of similar design, it would be possible to 

pump a solution of one concentration for a period of time before pumping a solution 

of different concentration in to the reactor. This would possibly create a 

concentration gradient within the reactor. This would need looking into in further 

study. 
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Figure 104. Proposed set up of equipment that could produce a concentration 

gradient within the reactor. 
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Chapter 6 – Final Conclusions 

The aim of the project was to produce hydrotalcite and zirconium basic sulphate in a 

continuous flow process. Both of these materials are traditionally made in a batch 

process, but the project showed that both of these materials could also be made in a 

continuous flow process. The continuous flow process allowed for greater control of 

the reaction conditions as expected and it was found that these conditions gave rise 

to a kinetically controlled reaction as opposed to the thermodynamically controlled 

reactions in the batch process. 

The often cited problems of the batch process are the ineffective mixing and heating 

of the batch reactor. The continuous flow process removed these problems, however 

it was found that material synthesis could benefit for these problems. The 

temperature and concentration gradients found in a batch reactor provides the 

material the environment needed for both precipitation and dissolution. It is a 

combination of these two actions that allow the material to achieve the lowest energy 

configurations. The continuous flow reactor provides stable conditions throughout 

the duration of the reaction. This prevented achievement of the lowest energy 

configuration and instead produced to the quickest configuration possible. 

For hydrotalcite, this affected the structure of the lattice, which in turn effected the 

chemical composition of material as a whole. The thermodynamically controlled 

batch material was able a configuration where aluminium ions in opposing lattices 

were adjacent to each other. This allowed for the charge imbalance of the lattices to 

be balanced by a carbonate anion acting as a bridge between the two layers. The 

kinetically controlled continuous flow process did not allow for this arrangement to 

be achieved which resulted in aluminium ions being out of phase with each other. 
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This in turn resulted in the carbonate anions becoming bicarbonate anions and 

balancing the charge at only one aluminium ion. The remaining aluminium ions had 

their charges balanced by nitrate anions that were present from the starting reagents. 

This structural alteration did not produce any significant effect on the performance of 

the material. It could be argued that this is due to the reaction preformed with the 

hydrotalcite required the calcined products of hydrotalcite. During calcination the 

structure collapses to form a mixed oxide. It would be of interest for future 

examination the activity of uncalcined material.    

During a batch process, the temperature and concentration gradients in the reactor 

allowed zirconium basic sulphate particle to grow. This was due to the effect these 

gradients have on the chemical potentials of the partials, with the particles at higher 

chemical potential dissolving and the particles at lower chemical potential growing. 

In the continuous flow process these gradients were not present and all the particles 

were at the same chemical potential. This meant that the particle could not grow 

beyond the initial seeding stage of precipitation. 

Going forward, it would be of interest to examine whether continuous flow processes 

produce exclusively kinetic reactions or whether a set  of conditions exist that would 

allow for thermodynamic control. This could be done by rapid change in 

concentration of the starting reagents, creating localised concentration gradients in 

the reactor.  In general this project has provided an understanding of how synthesis 

of solid material is affected in a continuous flow process. 
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Appendix  

The additional micrographs of the zirconium basic sulfate samples used in Chapter 5. 

Series 1 

a)  

b)  

Figure 105. Series one micrographs a) 50 % b) 25 % 
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Series 2 

a)  

b)  

c)  
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d)  

Figure 106. Series two micrographs a) 60 °C b) 70
 
°C c) 80 °C d) 90 °C 

Series 3 

a)  
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b)  

c)  

d)  
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e)  

f)  

Figure 107. Series three micrographs a) 40/80
 
°C b) 50/80 °C c) 60/80 °C d) 70/80

 

°C e) 80/80
 
°C f) 90/80

 
°C. 
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Series 4 

a)  

b)  

c)  
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d)  

e)  

Figure 108. Series four micrographs a) 10:90 b) 20:80 c) 30:70 d) 40:60 e) 50:50 
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