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Antoine Laurent Lavoisier (1743-1794), “father of modern chemistry”, in 1789 for
the first time suggested that “Flowers of zinc” be named “zinc oxide” reflecting the

elements in the nomenclature of compound.

"We think only through the medium of words. Languages are true analytical
methods. Algebra, which is adapted to its purpose in every species of expression, in the
most simple, most exact, and best manner possible, is at the same time a language and
an analytical method. The art of reasoning is nothing more than a language well

arranged."
Antoine Laurent Lavoisier, Traité Elémentaire de Chimie, 1789

Adopted from translation by Robert Kerr, 1790
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Abstract

Abstract

Zinc oxide is an important material industrially and scientifically. It has a long
history dating back to more than four thousand years ago. It has applications in rubber
production, cosmetics, pigments and ceramics. The properties of zinc oxide such as
porosity, specific surface area and optical properties change as a result of changing the
synthetic method and process conditions. The suitability of ZnO for different
applications depends on the properties of the material, which in turn are influenced by

synthetic routes.

Knowledge of the processes underpinning the various synthetic techniques is key to
understanding the properties of the ZnO end-product. In this work, various synthetic
techniques have been investigated that may be amenable to large-scale production. The
resultant materials were studied and important insights were obtained. For example, it
was found that the precursor materials and method of processing for the production of
zinc oxide have important roles in controlling the properties of the product such as
specific surface area, crystal morphology, particle size and amount of surface hydroxyl

groups embedded in the product.

In single-stage production methods, zinc oxide is precipitated directly from a zinc
solution. Influences of reaction temperature, concentration of the reactants and feeding

techniques on the properties of the products were determined.

In multi-stage routes, intermediate zinc-bearing materials including zinc peroxide
and zinc hydroxy carbonate, sulphate, chloride, nitrate and acetate were synthesised.
These intermediate materials were then used as precursors for the formation of zinc
oxide particles. Relationships between the properties of the precursor zinc-containing
compound and the end-product zinc oxide were studied and unexpected results were
obtained. For example, it was shown that specific surface area of the zinc oxide product
depends significantly on the precursor material from which it is produced. Techniques
were investigated that can produce multiple important zinc-bearing compounds and it
was found that it could be engineered by selection of the appropriate precursors and

process conditions.
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Chapter 1

Chapter 1: Zinc Oxide: Synthesis, Properties and Applications*

1.1. Introduction and overview of the dissertation

Zinc oxide is a mature material both scientifically and industrially. It has been used
for thousands of years by the humans in diverse applications [1]. Similar to any other
material, its applications have seen ups and downs over time. It has many interesting
physical and chemical properties, which have caused scientific and industrial attention.
Although numerous scientific publications are being produced every year on this
material with a steep rise more recently (Figure 1.1), most of them are focused low-
volume, niche applications, such as the potential for the application of this material in
opto-electronics. Comprehensive reviews have been prepared on different aspects of the
condensed matter physics, surface chemistry, synthesis techniques and semiconducting
applications of ZnO [2-10] but, to my knowledge, there has been no recent review

addressing industrial aspects of ZnO until my own in 2012 [11].
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Figure 1.1. Number of scientific publications on zinc oxide since 1882 until 2011.
Data available from literature database Scopus (keyword: “zinc oxide”).

The goal of this work is to examine large-scale production processes for this material

and to investigate novel routes to produce this chemical focusing on flexible methods to

process a diverse range of raw materials.

* A significant part of the work presented in this chapter has been published (see Moezzi, McDonagh
and Cortie, Chemical Engineering Journal, 185-186 (2012) 1-22).



Chapter 1

A great deal of effort is concentrated on sourcing cheaper raw materials and finding
simpler and novel techniques to produce useful products. Waste management and
processing are also important. Most products end up as waste in either a waste-
processing unit or in dumping sites, for example glass, plastic bottles, tires and cars.
This is inevitable as everything has a life-span and eventually enters this phase. Further

to this, most production processes also generate waste.

Zinc-containing materials are among such products. For example, galvanised
products are well-known and useful zinc-materials that are seen everywhere around us.
They are found on the roofs of houses, the body of the cars, in the kitchen and on the
side of the roads. Although galvanised materials are quite useful in the battle against
natural corrosion, these have the same fate as other materials and sooner or later must be
replaced with freshly-made products. For example when a wrecked car is dismantled, its
body would be a feed for the steel manufacturing plants and the zinc in the galvanised
material is collected in the waste dust from the electric arc furnaces. Another source of
zinc-bearing waste is from galvanisation process itself. Ashes and drosses containing
large amount of zinc are produced, which should be processed independently.
Obviously production processes and waste-processing units are parts of the same picture

and these must be considered and designed together.

In the zinc oxide field, most of the material is produced from metallic zinc by a well-
adapted technique known as the French process. In this method, zinc metal is melted
and vaporised in a crucible and then oxidised to zinc oxide by oxygen that is free of
charge and is originating from air. The market value of zinc oxide depends on the zinc
metal price. Fluctuations in the price of zinc have a direct effect on the profitability of

the French process zinc oxide plant.

In the current work, novel techniques are sought to provide processing flexibility for
the production of zinc oxide from precursors other than zinc metal, which may be
obtained from either new or, importantly, recycled zinc-containing materials.
Engineering the properties of the zinc oxide made from various methods is also

considered.

In Chapter 1, I look more thoroughly into the subject from a scientific and industrial
perspective. A review of the extensive patent literature on ZnO is included for

consideration of the industrial production methods and commercial applications of ZnO.
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Patents contain important information but are generally neglected in the scientific
litrature on ZnO. A comprehensive review on the history of the material is included, and

the properties and relevant applications are investigated.

In Chapter 2, I study various single-stage production techniques using zinc sulphate
and sodium hydroxide solutions. The effects of reaction temperature, reactant
concentrations and feeding techniques are explained and the mechanism of formation of

zinc oxide in the aqueous system is discussed.

In Chapter 3, I examine the single-stage process using zinc sulphate and ammonia
solutions, and include a comparison between the reactions that use sodium hydroxide

and ammonia.

Chapter 4 describes multi-stage routes to produce zinc oxide using zinc peroxide.
Zinc peroxide is produced, then utilised as a precursor for zinc oxide manufacturing by

heating.

In Chapter 5, the production of zinc oxide by multi-stage techniques using five zinc
hydroxy salts is explored. Zinc hydroxy carbonate, sulphate, chloride, nitrate and
acetate are synthesised, then used as precursors for the formation of various types of

zinc oxide by heating.

Chapter 6 investigates the formation of zinc hydroxy nitrate via solid/liquid reactions
between zinc oxide and zinc nitrate solution. Kinetics and mechanism of the reaction is

explored and the solubility of the salt in water is determined.

Finally, Chapter 7 summarises the work presented in the dissertation. Some ideas for

future research are also presented.
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1.2. Historical aspects

The first recorded application of ZnO appears to be its use, circa 2000 B.C., in
Egyptian medicinal ointments for the treatment of boils and carbuncles mentioned in the
Edwin Smith Papyrus [1, 12]. Somewhat later, ZnO ore was exploited as a source of
zinc for brass, a discovery usually attributed to the Romans [13] but which may have
come from India a century or so earlier [14]. Brass could be produced by smelting a
mixture of the powdered zinc ore, charcoal and granules of copper, but a by-product
was the ZnO that was collected on the walls and flues of the brass smelting furnaces.
The latter was known to the Romans as cadmia fornacis (furnace accretions) and was
purified for use in ointments. Use of ZnO in skin lotions has continued up to the present
day in the form of a slurry of zinc and iron oxide known in many English-speaking
countries as “calamine lotion” [1]. Almost in the beginning of the Christian era, the
Greek writer Dioscorides describes a furnace equipped with a dust-chamber to collect
impure zinc oxide called Pompholyx that is used for skin sores [15].

1
who

Al-Mugqaddasi (~3<) author of “Ahsan at-Taqasim fi Ma'rifat il-Aqhalim”
travelled to Kerman, Iran in the 10" century describes that tutia (tutiya, tutty or Lisi- an
impure zinc oxide, from the Persian term dudha - soot) is prepared from ore from
mountains and is purified with a method similar to iron purification process [16]. Abu-
Dulaf (<ils s) who also travelled to Iran in the 10™ century describes the production of a
variety of tutia. He also mentions that the Indian futia is preferred in Iran [17]. The 1"
century Iranian scientist, Abu Rayhan Biruni also describes the process of making tutia
[18]. It seems that tutia was mainly in use in brass making at this time and to a lower
extent for medicinal purposes [18]. These reports suggest that the art was known in the

area a few centuries before the western writers reported it and a cross-border

commodity trade was popular.

The German monk Theophilus (12" century) describes a cementation process for
brass making in a closed vessel used in Medieval Islamic and Christian countries. In this

process copper is packed in the crucible together with charcoal and zinc oxide. Zinc

1 - Translated by the author from the Arabic text of “Ahsan at-Taqasim fi Ma rifat il-Aqhalim” by Al-
Muqaddasi- swie, ad8Y) 4 jaa b adill ual Comment: The Arab geographer mentions that this futia was
named “gargoyle-like tutia - =)<V L3P due to the reason that after collecting the ore, it was spread
over long finger-shaped ceramic pots. 7utia sticks to them and forms a gargoyle-like shape which is then
purified. The finger-shaped pots might probably be similar to what is described by Biswas as tubular
retorts which was in use in India.
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oxide is previously produced by calcination of a zinc ore, probably in the form of zinc

carbonate [19].

Later on in the 13™ century, Marco Polo’s book “The Travels of Marco Polo” also
describes the production process of tutia in Iran from a certain ore placed in a flaming
furnace covered with an iron grating. The smoke released from the ore is collected on
the iron grating and forms tutia, which was used as a medicinal eye-ointment [13, 20,

21].

From the 12" to the 16™ century, at Zawar in Rajasthan, zinc metal (to make brass)
and zinc oxide (for medical purposes) were produced in tubular retorts of about 25 cm
long and 15 cm in diameter with the wall thickness of about 1 c¢m thick installed in a
furnace [20]. For example in the Hindu book Rasarnava (~1200 A.D) production of zinc
metal is explained [13]. Recognition of zinc as a new metal - the 8" metal known to
man - as early as 1374 is assigned to the Hindu king Madanapala [13, 22]. In the Indian
text “Rasaratnakara”, it was shown how Rasaka (zinc ore) upon reduction in the
absence of copper forms a new “tin-like” metal. The 13™ century Sanskrit alchemical
treatise, Rasa-Ratna-Samuccaya also contains detailed information on zinc mineralogy

and metallurgy [14].

The method of zinc manufacturing method apparently entered China from India in
the 17" century for use in the brass industry [13]. The metallurgy and applications of
this metal can be seen in the Chinese book “Tien-kong-kai-ou” published in 1637 [23].
Reduction of calamine ore by charcoal in clay jars under heating was apparently the

method used to collect zinc [13].

In Europe, Agricola (1494-1555) and Paracelsus (1493-1541) in the 16™ century
mentioned the name of zincum, which was most likely zinc ore, not zinc metal. In the
17" century, Europeans were aware of the existence of zinc metal imported from the
Orient by Portuguese, Dutch and Arab traders. Robert Boyle in 1690 suggested the
commercial term Zinc in lieu of zincum. Although the production of metallic zinc in
Europe is attributed to Marggraf who successfully reduced calamine in the presence of
charcoal in 1746, commercial production of zinc in Europe was already started
independently in 1743 when William Champion (1709-1789) established a zinc smelter

using a vertical retort technique in England. William’s brother, John, patented the
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calcination process of zinc sulphide to oxide in 1758. This became the basis of zinc

production from sulfidic ores that is still applied commercially today [13].

The deliberate manufacture of ZnO powder by oxidation of Zn metal was discovered
by a German chemist, Cramer, in the mid-1700s and a white pigment was produced in
France by these means from 1781 onwards by Courtois de Dijon [24]. However the
pigment lacked opacity until 1834 when a British company called Winsor & Newton
(founded in 1832 and still running) developed a method to increase the opacity of zinc
oxide by calcination [25]. This pigment was then named “zinc white” or “Chinese
white” indicative of the source of zinc. In England the first patent on zinc oxide pigment
was registered in 1840 to Henry Philip Rouquette followed by other patents in 1846 and
1849. Leclaire and Barruel of France registered the first US patent of its kind in 1850
for a process that is still known as “French Process”. The use of this white pigment then
spread rapidly [26]. The new pigment competed with “white lead” (basic lead
carbonate) because it did not darken in the presence of sulfurous gases and had better
hiding power [24, 27], Figure 1.2. In the US at the same time (after 1850), Americans
were improving their processes and this can be noticed from the number of registered
patents. Among those, in 1855, Samuel Wetherill of the New Jersey Zinc Company was
granted patents for the improvement of processes for the production of zinc white by
reducing zinc ores. This process became known later as the ‘American process’. He
developed a roasting furnace in which a grate was charged with coal and then covered
with a mixture of zinc ore and anthracite coal known as pea-coal. Zinc was reduced by
the partial combustion of the coal and re-oxidised at the furnace exit [28, 29]. The
French and American processes will be explained in detail later. A major development
during the second half of the nineteenth century was the use of ZnO in rubber to reduce
vulcanisation process times. Zinc oxide had been used as a reinforcing agent in rubber
until 1912, when it was replaced by carbon black. With the discovery of the first organic
accelerator for vulcanisation by Oenslager in 1906, zinc white found a new application
as an activator in these materials [24, 30]. Today, the rubber industry consumes a

significant proportion of the ZnO produced. This is explained in detail below.
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Figure 1.2. Advertisement label for zinc oxide, 1868. (USA Library of Congress.
http://www.loc.gov/pictures/item/2006679062/ Reproduction Number: LC-USZ62-
51233).

1.3. Synthesis

1.3.1. Background

Zinc oxide is produced mainly by three distinct processes: directly oxidising zinc
metal, or reduction of an ore to zinc metal followed by controlled re-oxidation or, to a
far lesser extent, precipitation of the oxide or a carbonate from an aqueous solution
followed by calcination. Not surprisingly, there is a close industrial and commercial
relationship between zinc metal and ZnO. Zinc is the fourth most widely used metal in
the world after iron, aluminum and copper [31]. It’s the 27™ most abundant element in
the Earth's crust and is 100% recyclable. Approximately 70% of the world zinc
production originates from zinc ores and 30% from recycled or secondary zinc sources

such as zinc ash [32].

The most common zinc production process is from sulfidic ores using the
hydrometallurgical roast-leach-electrowinning method [31], which accounts for around
80% of primary zinc production in the world [33]. This is quite energy-intensive with an

energy consumption of ~15 GJ per ton of zinc, 80% of which is used during electrolysis
8



Chapter 1

[31]. Obviously, these costs carry over to any ZnO that is produced from metallic zinc.
Therefore, the price of the oxide is sometimes reckoned as the LME (London Metal
Exchange) price of the metal plus some additional sum to account for the cost of
manufacturing the oxide. Global annual zinc production in 2009 was more than 11

million metric tons [34].

Of the order of one million tons of ZnO is produced annually at present [35], Figure
1.3. Between 50% to 60% of the ZnO is used in the rubber industry [24, 35, 36] where it
is normally added at between 3 to 5 parts per hundred (phr) rubber [37, 38]. Global
annual rubber output was ~25 million tons in 2010 [39], about half of which is
consumed by the tire industry [35]. A typical passenger tire contains of the order of 100
g of ZnO.

Chemicals
8%

Zinc Semis
Misc. 7 %
4%

Figure 1.3. Chart showing the various uses of zinc metal. Zinc oxide is the main

chemical produced from zinc metal. Compiled using data from diverse sources.

It is important to note the intertwined relationship between the ZnO and Zn
industries: besides the close relationship in price, the raw materials also cross over. For
example around 50% of zinc metal is consumed in hot-dip-galvanisation and between 5-
15% of the of zinc metal charged to galvanising baths is collected again as zinc ash or
dross, and this is an important feedstock for the production of ZnO [40]. Other
industries that generate zinc-containing wastes are casting, smelting, and scrap
recycling, and electric arc manufacture of steel from scrap. These wastes may contain

from 10 to 96% total zinc in the form of metallic zinc, zinc hydroxy-chloride (such as
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simonkolleite) and ZnO. It is estimated that more than 80% of available recyclable zinc-
containing wastes are recycled, usually by hydrometallurgical or pyrometallurgical

processes [32, 41-43].

There is a very large variety of zinc-containing materials available as feedstock and
therefore, correspondingly, a large number of possible processing technologies. From an
economic perspective, the synthetic processes for ZnO may be divided into two groups:
low cost bulk industrial methods and high cost laboratory or pilot-plant scale methods.
The main technological differences between the various production methods involve the
zinc precursors and the process temperatures, the unit operations used and, of course,
the scale at which they are carried out. In addition, an extremely wide range of
laboratory or pilot-scale techniques have been reported but very few of these are of

actual commercial interest.

1.3.2. Industrial production methods

Industrially, most ZnO is produced by pyrometallurgical methods (e.g. the indirect
process, the direct process, or spray pyrolysis) or by hydrometallurgical methods. Zinc
oxide can also be produced as a by-product of some chemical reactions such as in the
production of sodium dithionite. Generally, the selection of the production process is
based on the zinc-containing raw material to be consumed. Each process produces

grades of ZnO with relatively different properties and hence different applications.

The largest proportion of ZnO is produced by the indirect (French) process. The
direct (American) process accounts for the next greatest share followed by the
hydrometallurgical processes, which generally exploit zinc-containing wastes [24]. Each
of these methods is discussed below. The formal specifications of the major types of
Zn0O available industrially are listed in Table 1.1. The different grades of ZnO powder
are also commonly referred to in the trade using somewhat vaguely defined terms such
as “gold seal”, “white seal”, “green seal” and “red seal”, with purity decreasing in the

order listed (see Section 1.4.4).
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Table 1.1. Typical properties of different grades of zinc oxide according to ASTM
D4295-89 [44]. Reproduced with permission, from ASTM D4295-89 (2005) Standard
Classification for Rubber Compounding Materials-Zinc Oxide, copyright ASTM
International, 100 Barr Harbor Drive, West Conshohocken, PA 19428.

American French (indirect) type Secondary Types
ASTM :
Property Method (direct) Class | Class | Class . Metallurgical
Chemical
type 1 2 3 Class 1 | Class?2
%,}“)c oxide D3280 99.0 99.5 | 99.5 | 99.5 95.0 99.0 99.0
0
Lead (%) D4075 0.10 0.002 | 0.002 | 0.002 | 0.10 0.10 0.10
Cadmium (%) D4075 0.05 0.005 | 0.005 | 0.005 | 0.05 0.05 0.05
Sulfur (%) D3280 0.15 0.02 | 0.02 | 0.02 0.15 0.02 0.02
Heat loss at
105 °C (%) D280 0.25 0.03 | 025 | 025 0.50 0.25 0.25
Sieve residue,
45 pm (%) D4315 0.10 0.05 | 0.05 | 0.05 0.10 0.10 0.10
Isngzace area, D3037 3.5 9.0 5.0 3.5 40.0 5.0 3.5

Pyrometallurgical synthesis

» The indirect (French) process

The indirect, so-called “French process”, was developed between 1840 and 1850 to
meet a demand for ZnO for use in paints. The first US patent was registered in 1850 to
Leclaire and Barruel of France (Figure 1.4) [24, 45]. Zinc metal is the starting material
in this process. A heated crucible containing zinc may be covered with a lid to
pressurise the zinc vapor. In the temperature range of 1230-1270 °C, zinc vapor has a
pressure of 0.2 - 1.1 MPa (zinc melts at 420 °C and boils at 907 °C). When the orifice
cover is removed, zinc vapor streams into the atmosphere with a calculated nozzle speed
of 8-12 m/s resulting in rapid oxidation and a greenish white flame with a length of ~30
cm and temperature of 1000-1400 °C, Figure 1.5. A temperature drop from the
combustion temperature to about 500-800 °C within ~5 seconds between the crucible
and suction hood is the main cause of non-uniform growth conditions [46]. Burner
flame temperature can be controlled by the ratio of fuel to air and can be set at low

oxidation state (around 1000 °C) or high oxidation state (around 1400 °C).
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Figure 1.4. Schematic of the indirect process to produce ZnO reproduced from the 1850 US patent of Leclaire and Barruel [45].
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Figure 1.5. Photograph of a French process drum in operation, by permission from

PT. Indo Lysaght, Indonesia.

The ZnO powder formed by combustion then enters a 50-300 m long cooling duct
(which depends on the furnace design) [47] before it is collected in the bag-house at a
temperature below 100 °C by a system of vertical fabric bags and fractionated according
to particle size using vibrating hopper sieves [37]. A typical bag-house dust collector is
shown in Figure 1.6 [48]. The French process is widely considered to be the fastest and
most productive industrial method to mass-produce ZnO [47] but, as will be shown, the

product it makes is not optimum for all applications.
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Figure 1.6. A typical bag-house design reproduced from the US patent 6786946.

The quality of the ZnO depends on the precursors used. For instance, for the
production of “gold seal” or pharmaceutical grade ZnO, SHG (special high grade,
99.99% Zn) zinc metal is used whereas ordinary HG zinc (99.95%) may be adequate to
produce the ZnO used in the rubber industry. Other zinc-containing feed materials such
as galvaniser’s dross, die-casting alloys or zinc ash may also be used for less demanding
applications. However, if metal residues are to be used then various liquid or vapor-
phase separation techniques may need to be applied first to eliminate Cd, Pb, Fe, and Al
before the Zn is oxidised. Theoretically, the maximum yield of ZnO in the French
process is 1.245 tons per ton of zinc used; but in practice ZnO recovery of around 1.2
tons is obtained when using SHG zinc as the raw material and even less if zinc dross
(85-95% zinc content) is used as feedstock. Zinc ash can contain up to 30% metallic
zinc with the balance composed of ZnO and zinc hydroxy-chloride, however, the
metallic content must first be separated from the ash by physical separation processes
such as rotary mills and sieving or thermo-mechanical devices before it can be used in

the French process.
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There are generally two techniques applied for the separation of metallic zinc from
the ash content. In the conventional way, zinc metal is physically separated from the ash
in the rotary mills. Metallic zinc in the mill acts similar to balls in the ball-mill and
crushes the ash. At the outlet the metallic zinc is separated from the ash content by
sieving. In a different technique, the raw material is processed in a thermo-mechanical
unit. Heating the mixture above the melting point of zinc metal in a rotary drum results
in recovery of molten zinc from the mixture via a tapping point. Molten zinc is then

collected in a mould (see Figure 1.7).

Free zinc metal is separated from the ash content and is used in the pyrometallurgical
processes. The remaining ash is then processed in the hydrometallurgical units as is

explained in the Hydrometallurgical section later.

Zinc oxide produced by the French process can have high purity (>99%) if high
purity zinc is used a feedstock. However, the product may contain traces of zinc metal,
the amount of which is inversely proportional to particle size and which may render it

unsuitable for some applications [44, 49, 50].

Figure 1.7. The Metaullics Zinc Recovery (MZR) system for the separation of

metallic zinc from zinc ash. From Pyrotek technical documents [51, 52].
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The particles are nodular in shape [44, 50] and the individual ZnO crystallites are 30-
2000 nm in size. Scanning electron microscope images of typical French process ZnO
are shown in Figure 1.8. The surface area of French process ZnO is generally 3-5 m?/g
but can reach 12 m?/g by carefully controlling combustion conditions such as air flow
and flame turbulence [24, 35] or the distance between the suction hood and nozzle
(which affects the air velocity). If the flame temperature increases, the specific surface
area will drop. By increasing the excess of reactant air (oxygen) by making a better
circulation of air or forced flow of compressed air in the combustion zone, ZnO
quenching becomes faster and finer particles can be achieved, resulting in higher
specific surface area. Superheating the zinc vapor also results in finer ZnO particles.

The purity of the ZnO product is solely a function of the composition of the zinc vapor.

Some relevant standards for ZnO produced by this route include ASTM D4295-89, a
standard for rubber compounding [44], ISO 9298:1995(E), another rubber compounding
standard [53], which also indicate the classifications of ZnO by type, and ASTM D79-

86 for pigments [50].

Figure 1.8. SEM images of the French process ZnO (samples from PT. Indo
Lysaght, Indonesia; images by Dr R. Wuhrer, University of Technology Sydney).

There are various implementations of the French process. Older technology
principally uses a batch process that takes place in a crucible with a long cooling duct,
most of which is horizontal. Newer technologies use a semi-continuous process with a
vertically-designed cooling duct to save space. A batch is recharged with zinc ingots at
approximately four hour intervals whereas in the semi-continuous process a zinc ingot

(often 25 kg) is added to the furnace every 6 minutes. The productivity of the semi-
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continuous process is often higher than that of the batch process. The semi-continuous
system is rarely shut down unless for an overhaul and it is generally very compact. The

process flow diagram (PFD) of a basic French process furnace is depicted in Figure 1.9.

There are several other variations to the process, the selection of which depends on
the feedstock material and local conditions. Graphite or silicon carbide muffle furnaces
or retorts are utilised in the most common design, which uses Zn ingots or dross as feed
material. The solid ingots may be fed into the furnace either batchwise or pre-melted
and fed continuously as a liquid. The retort is generally heated from the outside using a
natural gas or oil burner, although electric heating elements (silicon carbide) are in use
in some plants [24]. Production capacity is generally around 70-500 kg/h per furnace
per batch depending on the furnace size [54].

_C Cooling duct {50-300 m) C 9_

T = 500-800°C
/ 4
/ \ ZnO0 collection and

- packaging
Zinc Ingots Zn + %0, Zn0 Atmospheric
air intake

\ I/ Temp. at 8-10 cm above
o the nozzle = 1000-1400°C;

¥ 1 1 Zinc vapour nozzle speed

=8-12 m/s (calculated)

Zn vapour
Burner

Graphite Crucible
at T=950-1300°C

Figure 1.9. Process flow diagram (PFD) of the French process.
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In another design, a fractional distillation system (invented by Lundevall from
Larvik, Norway in 1960 [55]) is implemented for refining the Zn prior to its combustion
to make ZnO. This technique is now referred to as the Larvik distillation technology and
is in use by industrial producers of Zn/ZnO such as the multinational Umicore Group
[56]. The purification process as depicted in the patent is shown in Figure 1.10 and
includes a furnace with two separate chambers and a distillation column. The raw
material (mainly as large blocks of Zn dross) is fed into the melting compartment
(Figure 1.10, 3a). This compartment is isolated with a partition wall from the second
one (Figure 1.10, 4a) where zinc is heated by electrical heating elements and boils in
the absence of air. These chambers are connected by a submerged opening under the
partition wall. Zinc vapor moves towards the condensation/oxidation units. Impurities
such as Fe, Pb and Cd remain behind in a set of equipment such as a lead fractional

distillation column (Figure 1.10, 33a) and are periodically removed [55].
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Figure 1.10. Schematic of the Larvik process designed by Lundevall [55].

The fractionation processes work because the relatively large differences in boiling
point between Cd, Pb, Zn and Fe allow the Zn to be separated by fractional distillation,
see Figure 1.11. Oxidation of the distilled zinc results in high quality ZnO [24]. Zinc
has the lowest melting and boiling point among its preceding metallic elements in the
first transition series; but with a boiling point (907 °C) that is higher than Cd (765 °C)

but lower than Pb. Cadmium that is usually found in zinc scrap sources can be
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fractionated in early stages of the run. Lead can also be a problematic element: its
melting point is only 327 °C but its boiling point of 1749 °C is well above that of zinc.
At temperatures above the boiling point of zinc, lead exists in the molten form.
Therefore along with zinc vapor, lead mist can enter the vapor phase and must be
condensed in a lead trap (e.g. splash condenser) before the zinc vapor is oxidised [55,

57].

The Larvik process is quite good for separation of lead from zinc and is therefore
useful for high Pb-content raw materials. However its drawback is that high cadmium-
content raw materials such as Prime Western grade recycled zinc cannot be processed in
this design since all the cadmium will end up in the final product. To address this issue
another design is developed in the USA, which is based on two fractionation columns
(the 1* for Cd and the 2" for Pb) in series. Zinc vapour is oxidised at the discharge from

the Pb column [35].

M.P and B.P ("K)

S¢c Ti V Cr Mn Fe Co Ni Cu Zn Cd Pb
First transition series elements and Cd and Pb
Figure 1.11. Graph of melting and boiling points of the first transition series

elements, Cd and Pb.

Another technique utilises smelting in rotary kilns to minimise fuel consumption.
Zinc charges (e.g. bottom dross from galvanisers) are added continuously into the rotary
kiln. Energy released from combustion of Zn vapor into ZnO is used to melt and
vaporise the zinc from the raw material. However the yield of this process is lower than

alternative routes [24, 35, 58]. A typical zinc oxide rotary kiln is shown in Figure 1.12.
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Figure 1.12. Zinc oxide rotary kiln. Picture by Henan Bailing Machinery Co. [58].

» The direct (American) process

The direct, so-called “American” process [28, 29], makes use of a primary feedstock
containing a mixture of oxidised zinc-containing raw materials (directly obtained from
ore) and carbonaceous reducing agents. Zinc metal is produced from the charge by
reduction at elevated temperature and is vaporised. In the case of ZnO production, the
vapor moves into a combustion chamber where it is re-oxidised in a similar manner to
that used in the indirect process. Finally, the oxide is collected in a bag-house [24, 37].
The distinction between the direct and the indirect processes is only the feedstock; in
the indirect process zinc metal is used as the feedstock whereas in the direct process

primary feedstock is applied.

Four interdependent Reactions 1.1 - 1.4 are important in the formation of the zinc

vapor:
Zn0 ) + C (y= Zn g+ CO (o 1.1
Zn0 5+ CO () = Zn (i) + CO; (o 1.2
Cot 02 =CO 1.3
COs g+ C (o = 2CO 1.4
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Zinc oxide is reduced in Reactions 1.1 and 1.2. The resultant CO; is reduced by
carbon to form CO again according to Boudouard Reaction 1.4, providing more

reductant for the reaction with ZnO [59].

Under standard state conditions, AG for Reaction 1.1 becomes negative for T > 940
°C (point A on Figure 1.13), and for T > 1317 °C for Reaction 1.2 (point B on Figure
1.13). It is critical to keep the temperature as high as possible to prevent the premature
occurrence of the re-oxidation reaction implied by the reverse of Reaction 1.2. Another
important factor along with the negative Gibbs free energy to be considered for
reduction Reaction 1.2 is the equilibrium constant (K,m,), which increases by
temperature. For instance at 850 °C its value is only 0.003. As the temperature rises to

1250 °C, its value reaches 0.54 [60].
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Figure 1.13. Ellingham diagram showing free energy change of indicated reactions
as a function of temperature, calculated using standard state thermodynamic data for the

species.

Fortunately, under conditions of increased p.,, the re-oxidation temperature will be
lowered, Figure 1.14. Reactions 1.3 and 1.4 have controlling effects on the spatial
location of reduction and re-oxidation in the plant. An excess of carbon fuel controls the
amount of CO necessary for reduction according to Boudouard reaction. For the carbo-
reduction of metal oxides to be feasible, there should be a minimum ratio of CO to CO..

This critical ratio shows the competition of Reactions 1.3 and 1.4. For example, at 1100
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°C the ratio should be around 10 for the reduction stage (see Figure 1.14). Therefore Zn
does not go back to ZnO in the reduction zone as long as there is an excess of carbon

and/or the critical ratio of CO/CO, for that temperature is exceeded.

A variety of zinc-containing raw materials can be used, including zinc ores (oxidic or
sulfidic), zinciferous materials and flue dusts, lead blast furnace slags, mill slimes,
electrolytic-zinc leach residues, skimmings from casting furnaces, off-grade zinc oxides
and zinc ash from hot dip galvanisation. Lead and chloride can be present in zinc ash

and must be removed prior to the manufacture of ZnO.
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Figure 1.14. Effect of temperature and gas composition on the partial pressure of
Zng) (in atm). A decrease in temperature or CO/CO; causes a reduction in pz, due to
increased oxidation. Recalculated and redrawn after Schoukens ef al., [61]. Atmospheric

pressure is assumed.

Because of the generally lower purity of the feed material and the carbonaceous
reductant, the final product is generally of lower quality compared to that produced by
the indirect method and tends to have widely varying chemical properties and physical
characteristics [44, 50, 62]. It may also contain traces of lead and cadmium [63]. Traces
of sulfur are often present in ZnO produced by the American process (originating from
the raw material) whereas ZnO produced by the indirect process is essentially sulfur-
free [44, 64]. Sulfur can be useful in some applications including rubber manufacturing

but can be a harmful impurity in many other products.
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The specific surface area of direct process ZnO is generally 1-3 m”/g. Standard
ASTM D79-86 defines the properties expected for use as a pigment and shows that ZnO
produced from the French process has higher minimum purity (>99%) than material
produced by the American process (>98.5%). A maximum moisture content of 0.5% in
these grades is also of importance [50]. In general, direct process ZnO is used in the

paint and ceramic industries rather than for rubber [35].

Stationary-grate furnaces, moving-chain-grate furnaces, electrothermic furnaces and
rotary kilns, including Waelz kilns can be used [65]. Recovery in rotary kilns is higher
than in grate furnaces [65]. In the EU, only rotary kilns, known as Waelz kilns, are now
used for the direct process. These kilns can be charged by a wide variety of feed
materials, generally with a zinc content of between 60 and 75%. A Waelz kiln rotates at
0.4 to 0.7 rpm and is inclined about 2%. As a result, the solid feed travels slowly in the
kiln with a residence time of about 8-10 hours. By the time the charge reaches close to
the discharge end, nearly all zinc is volatised leaving a slag behind. The volatilised
gases, containing zinc vapor and CO, pass into a combustion zone where oxidation is
completed by the suction of secondary air and, finally, ZnO is then cooled down and
collected in bag filters. This system is designed to minimise fuel consumption as
combustion reactions provide most of the energy needed in the reduction zone. A

typical process flow diagram of this process is depicted in Figure 1.15.
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The Waelz kiln shown in Figure 1.16 can be divided into 5 Sections along its length
(e.g. 55 m long). The solid feed inlet is located at 0% of the length of the kiln and the
slag outlet is located at 100%. Flue gas flows counter-current to the solid charge and
exits the kiln into the dust settling chamber (DSC) at the feeding side. Section 1 is the
drying zone. Preheating and coke combustion zone is located at Section 2. Section 3 is
the pre-reaction zone followed by section 4, which is the main reaction zone and the

longest one. Finally Section 5 is the slag forming zone [66].

Feed
To dust From
settling burner
chamber
Section 4 Section 5 Slag
\ \ \ \

0 15 25 50 90 100 %

Figure 1.16. Waelz kiln Sections [66].

» The spray pyrolysis process

In this process a solution of thermally-decomposable zinc-bearing salt is atomised
and then thermally decomposed to ZnO in a spray pyrolysis tower, or similar apparatus.
A high specific surface area is attainable, often > 12 m%/g [49]. Material produced by
this method is homogenous with uniform particle shape, narrow size distribution and
controlled purity [67, 68]. Suitable precursors are aqueous solutions of a zinc salt such
as zinc acetate, formate, carboxylate, nitrate or sulphate. Organic salts of zinc may be
preferred to inorganic salts because of their lower decomposition temperatures. For
example, the decomposition temperatures of zinc acetate, formate and sulphate are 237
°C, 553 °C [69] and 680 °C [49] respectively. However, selection of the precursor also
depends on the cost, preprocessing solubility and stability, reactivity and toxicity [70].
In general, higher temperatures and more concentrated solutions result in lower specific
surface area of the as-synthesised ZnO. For example at 500 °C a specific surface area of
35.6 m*/g is reported to be obtained from a 32% w/v zinc acetate solution, but this drops
to 12.5 m*/g when the temperature is increased to 850 °C (see Figure 1.17). The bulk
density of the as-produced ZnO powders is very low around 100 g/L [49]. A process

flow diagram of the spray pyrolysis method is shown in Figure 1.18.
25



Chapter 1

=
(=
3

%

B34 ¢

S 30 -

<

25 -

«<

T 20 - *

o ®

2 15 -

5 *
&10 L] L] L] L]
N

450 550 650 750 850
Temperature (°C)

Figure 1.17. Specific surface area of ZnO vs. pyrolysis temperature using zinc

acetate dihydrate 32.6% (w/v) aqueous solution [49].
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Figure 1.18. Process flow diagram (PFD) of spray pyrolysis of aqueous solution of

zinc salts to ZnO.

A typical flame aerosol reactor for the production of nanoparticles consists of a
droplet formation unit (atomiser), a heat-supply unit and an oxidant for the flame-
assisted combustion (burner) and, finally, a filtration unit. The precursor composition,
droplet size, flame temperature and also residence time in the reactor are controlling
factors for the formation, growth and properties of nanoparticles of ZnO. Various
designs for atomisers can be applied such as ultrasonic and gas-assisted pressurised
atomisers [70].
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» Zinc slag-fuming

Slag processing is an important technology in the extraction of non-ferrous metals
[71]. In the conventional zinc slag fuming process, metallurgical wastes such as slag
from lead blast furnaces, or electric arc furnace dust (EAFD) are fed (in molten or solid
form) continuously or batch-wise to a fuming furnace (generally DC arc) together with
air and a reductant such as pulverised coal through tuyeres to reduce and volatilise the
zinc present in the slag. The conventional slag fuming is carried out batchwise in water-
jacketed furnaces [71, 72]. This process is widely used by the Cominco smelter in
British Columbia, Canada for the treatment of slag produced during production of lead
bullion [73]. Similar process, but in a pilot-plant scale, has been successfully applied by
Mintek in South Africa to separate zinc from lead as a Prime Western grade (min. Zn
content of 98.5%) in a lead splash condenser similar to that used in the conventional
Imperial Smelting process (ISP) [72]. In the alternative routes, rather than condensation
of zinc vapour, zinc can be oxidised and recovered as zinc oxide [74]. At the Mintek
pilot-plant, before implementation of lead splash condenser unit [72], zinc vapour was
combusted to zinc oxide and collected in a bag-house [61]. At Boliden in Sweden, at
Ronnskdr smelter, a similar fuming process is used to process slag produced from the
copper production unit. From this process a range of by-products are produced
including a low grade zinc oxide called “zinc clinker” [75]. ScanArc in Norway uses a
submerged-plasma slag fuming technology to recover zinc oxide from steel plant dust

[76, 77]. Umicore is also licensing this technology through ScanArc [77].
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Mintek’s Enviroplas process for zinc fuming [72].
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Hydrometallurgical synthesis

Hydrometallurgical processes currently dominate the production of zinc metal [13]
but are not as popular for the production of ZnO. One reason is that the ZnO they
produce is often less pure and may contain a significant amount of water; another is that
the particle morphology may be irregular and porous, unlike the chunky, crystalline
form of the pyrometallurgical grades. On the other hand, hydrometallurgical grades of
ZnO are cheaper to produce and may have a high specific surface area and chemical
reactivity, which may be desirable in some applications. The term ‘active zinc oxide’ is

widely used to denote ZnO with very high specific surface area and chemical reactivity.

Many of the industrial hydrometallurgical processes for zinc or ZnO production use a
significant proportion of zinc-containing wastes such as the zinc ash from hot-dip
galvanising plants (Figure 1.20) as input materials due to their availability and

relatively lower prices.

Figure 1.20. (a) Zinc ash; (b) zinc dross. © Commonwealth of Australia 2001 [78].

Photographs courtesy of Environment Australia.

In these processes, zinc-containing compounds are precipitated from aqueous
solution, separated and then converted to ZnO by calcination. Direct precipitation of
ZnO from aqueous solution is also possible [62, 79]. Zinc oxide produced via wet
chemical processes can be categorised into three main groups: (1) ZnO produced as a
by-product of the production of sodium dithionate, (2) ZnO made by the reaction of a
zinc salt such as zinc sulphate and a base such as ammonium hydroxide or sodium
hydroxide, followed by calcination or drying of the Zn(OH), or ZnO produced, and (3)
ZnO produced by a two-step reaction of zinc salts and carbon-containing bases such as
sodium carbonate, ammonium bicarbonate or urea followed by calcination or alkaline

treatment of the resultant basic zinc carbonate.
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ZnO as a by-product from other processes

Zinc oxide produced as a by-product of an aqueous chemical reaction is considered
to be a ‘secondary type’ according to the ASTM D4295 [44]. One of the main
hydrometallurgical sources of ZnO is as a by-product in the synthesis of sodium
dithionite (Na;S;04) (also known as sodium hydrosulfite) [35]. This substance is used
as a reducing agent with major applications in the vat-dying of textiles and in the
bleaching of wood pulp. The overall reaction for the production of ZnO from this
process is given in Reaction 1.5. In this process zinc dithionite is produced first. Then
addition of soda ash or sodium hydroxide to zinc dithionite results in sodium dithionite

along with basic zinc carbonate or zinc oxide, respectively.
2NaH803 +7Zn — NaQSQO4 +7Zn0O + HQO 1.5

The zinc-containing by-product is then filtered and dried and, in the case of basic
zinc carbonate, is converted to ZnO either by calcination or by alkali treatment [80-82].
The specific surface area of this grade is high (>40 m?/g) and therefore it can be

considered as an “active” grade of ZnO.

A schematic of this process is shown in Figure 1.21.
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Figure 1.21. Schematic of the sodium dithionite process [83].

Zinc oxide can also be produced in a similar fashion as a by-product of the
production of sodium formaldehyde sulfoxylate (NaHSO,-CH,0-2H,0), which is

produced from sodium dithionite.
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Production of “active” zinc oxide by decomposition of hydrozincite

“Active” zinc oxide is an important grade of ZnO produced by wet-chemical routes.
Descriptions of some variations in the process by which it can be prepared are available
in the literature [84-87]. Active ZnO is considered to be superior to “white seal” ZnO
(French process) in rubber compounding and rubber applications in terms of tensile
strength, hardness and modulus at 300% [86]. A typical two-step process for its
production is based on the formation and then decomposition of a basic zinc carbonate

known as hydrozincite:

SZnSO4 - 7H20 + SNa2CO3 16
- Zns(C03),(OH), + 5Na,S0, + 3CO, + 32H,0

Zns(CO5),(OH)s + Heat = 5Zn0 + 2CO, + 3H,0 1.7

The decomposition reaction of hydrozincite is endothermic with standard molar
enthalpy of reaction AH, = 187 kJmol™' [88, 89] and the reaction proceeds
spontaneously only above about 154 °C, Figure 1.22. Kanari et al., reported that the
apparent activation energy (£,) of basic zinc carbonate in the temperature range of 150-

240 °C is in the range of 130-150 kJ/mol [90]. This was based on isothermal TG tests.
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Figure 1.22. Free energy change for reaction Zns(C03),(0OH)g = 5Zn0 + 2CO, +
3H,0, calculated by the authors using published thermochemical data [88, 89].
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The very large specific surface area of “active” ZnO is produced when the CO, and
H,O are expelled from the hydrozincite lattice. Furthermore, at these low temperatures
the ZnO that is formed from the hydrozincite cannot sinter, so this porosity can be
retained. However, as shown in Figure 1.22, it is thermodynamically favorable for the
ZnO to revert to hydrozincite below 154 °C in the presence of CO, and H,O although
the rate of this reaction will depend on the specific surface area of the ZnO. Any ZnO
that has been heated to high temperatures during manufacture (such as the
pyrometallurgical grades mentioned earlier) will have a relatively low specific surface
area and the rate of the reverse reaction will be normally negligible, but material with
higher surface area, such as that produced by decomposition of hydrozincite, is
susceptible to the reverse carbonation reaction over a time period of weeks or months

[91, 92].

The reverse reaction relies upon the formation of a layer of adsorbed carbonic acid
(H20 + COy), so will also depend on partial pressure of water, py, ¢, and that of CO,
Pco,- At a moisture ratio, py,o/(Pco, + Pu,0), below 0.1, ZnO shows no weight
increase whereas the carbonation reaction occurs quickly at a ratio over 0.35, causing
the properties of the ZnO to change significantly. In the intermediate range only a

partial reversion occurs [91, 93].

In this author’s opinion, the reverse carbonation reaction may be explained by the
“shrinking core” model for gas-solid reactions [94]. H»O is a polar molecule and since
zinc oxide surfaces are also polar, the interaction between water molecules and zinc
oxide surfaces is more favorable than that of a non-polar carbon dioxide and zinc oxide
surface. Thus due to the effect of polarity, water molecules may interact with ZnO
available surface sites more effectively than carbon dioxide molecules. In the
meanwhile, CO, molecules may diffuse in the adsorbed water and form a layer of
carbonic acid that can react with ZnO. Therefore this reaction is controlled by the mass
of CO,, which transferred into the absorbed layer of water on ZnO surfaces. Since in
normal atmospheric conditions CO; is a trace component of the atmosphere, reverse

carbonation reaction of ZnO remains partial.

Koga et al., also carbonated zinc oxide under the saturated conditions with water
vapor and carbon dioxide (1 atm) for 100 days and successfully converted zinc oxide to

basic zinc carbonates at 8 °C and 13 °C [92].
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The relevant properties of wet-chemical grades of ZnO, such as specific surface area,
porosity, morphology and quality, are variable and depend on the precursors, process
conditions and many other factors. An important intrinsic property of the wet-chemical
ZnO grades is the presence of abundant, stable, surface hydroxyl groups. TG analysis
reveals the presence of these hydroxyl groups up to ~800 °C [79]. A fully hydroxylated

structure of ZnO is shown in Figure 1.23 [§].

Figure 1.23. Fully hydroxylated ZnO crystal [8].

As for the pyrometallurgical routes, the purity of the starting materials used to make
active ZnO is an important consideration. Zinc-bearing waste materials first undergo
multi-stage physical and chemical extraction processes to yield purified zinc solutions
such as zinc sulphate. The starting materials and purification process should be strictly
controlled to ensure that no lead or cadmium, for example, is carried over into the final
product or discharged to the environment. These processes can involve acid/base

leaching, filtration, precipitation/cementation and adjustment of pH and temperature.

For the calcination stage, a gas-fired rotary kiln can be utilised where, for example,
basic zinc carbonate is fed to the high end of the kiln and the ZnO is collected from the
lower end of the kiln. Hot gas travels counter-current to the solid charges. A schematic
of this process, as depicted in US patent 2603554, is shown in Figure 1.24 [95].
Properties of the ZnO produced depend upon the identity of the material that is calcined,
the calcination temperature profile and the residence time in the kiln. As a result,
properties such as porosity, specific surface area and morphology of the particles can
change dramatically. Robinson in the US patents 4071609 and 4128619 [96, 97]
showed the significant effect of the calcination temperature on the specific surface area

of the ZnO, which is produced from basic zinc carbonate. In a set of experiments he
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concluded that the calcination temperatures between 250-350 °C are preferred. He
showed that as calcination temperature increased from 300 °C to 600 °C, specific

surface area decreased dramatically from 44 m%/g to 7 m?/g [96, 97].

Figure 1.24. Schematic of the rotary kiln for the calcination of basic zinc carbonate

as depicted in US patent 2603554 [95].

There is, of course, another method to convert basic zinc carbonate into zinc oxide in
place of calcination method. Yan and Xue [98] reported a solution-based method to
process as-synthesised basic zinc carbonate, which also leads to porous ZnO. In this
method, they showed that by alkaline treatment of the basic zinc carbonate using
aqueous KOH solution at room temperature, hollow ZnO microspheres are formed. This
method does not need any thermal treatment and has advantages over the conventional
method of calcination such as low-temperature conditions, better controllability of the
process and morphology control [98]. However economics of the process for large scale

application must be justified.

It is also possible, in principle, to convert low surface area ZnO, typically the
products of the indirect or direct processes, into an active grade of ZnO with a high
specific surface area using a wet carbonation reaction to form basic zinc carbonates

followed by separation and calcination of the product. Conversion of ZnO to basic zinc
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carbonate in the carbonation process may be as high as 76% [96]. Therefore the specific
surface area of the resultant active grade totally depends on the conversion of the low
surface area ZnO into basic zinc carbonate and also calcination temperature of basic
zinc carbonate. An important issue to be considered in this process is the presence of
water as both the reaction medium and as a reactant in liquid form. Carbon dioxide is
injected into the system in the gaseous form. The conversion proceeds according to the

reverse of Reaction 1.7.

1.3.3. Small-scale production routes

There are a large number of techniques available for the production of ZnO in small

quantities or in a laboratory context. Some of these are mentioned below.

Precipitation of Zn(OH), or ZnO from aqueous solutions of zinc salts

A typical one-step process for this type of wet-chemical process is based on Reaction

1.8 [79]:

ZnS0, + 2NaOH - ZnO + Na,S0,4 + H,0 1.8
However specific surface area of the grades produced by Reaction 1.8 is generally
limited to <30 m?/g which, while higher than that of ZnO produced by the

pyrometallurgical processes, is still not as high as that of ‘active’ ZnO.

Solvent extraction and pyrolysis of zinc nitrate

A method to produce ZnO has been patented that includes an organic solvent
extraction stage to extract zinc out of zinc-containing materials selectively (e.g. using a
water-insoluble solvent such as di-2-ethyl hexyl phosphoric acid, D2EHPA), stripping
of the organic phase with nitric acid to produce zinc nitrate and, finally, decomposition
of the Zn(NOs), at a temperature above 200 °C to produce pure ZnO [62], Figure 1.25.
An important aspect of this process is that the nitric acid is then regenerated by aqueous
scrubbing of the gases produced by decomposition, a step which would have marked

economic advantages if performed efficiently.
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Figure 1.25. Organic solvent extraction process for the production of zinc oxide

[62].

Deposition of thin films

ZnO thin films are useful materials for piezoelectric devices such as surface acoustic
wave (SAW) and bulk acoustic wave (BAW) devices. Deposition of ZnO thin films
may be achieved by methods such as chemical vapor deposition (CVD), metal organic
chemical vapor deposition (MOCVD), pulsed laser deposition (PLD), molecular beam
epitaxy (MBE) or laser MBE, reactive e-beam evaporation, rf or dc sputtering and

planar magnetron sputtering [99-104].

Gas-phase synthesis

Gas phase synthesis is generally conducted in a closed chamber. The synthesis is
performed within a temperature range of 500-1500 °C. Some common techniques
include vapor phase transport (VPT) including vapor-solid (VS) and vapor-liquid-solid
(VLS) growth, CVD, physical vapor deposition, MOCVD, thermal oxidation of pure Zn
and condensation, microwave assisted thermal decomposition, seeded vapor phase
(SVP) method, hydride or chloride vapor phase deposition (HVPE) [7, 103]. ZnO
nanorods can also be formed by an arc-discharge technique [105]. The growth
mechanism for the nanorods is assumed to be based on either VS or VLS [106]. A

schematic for the arc discharge method is depicted in Figure 1.26.
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Figure 1.26. Arc discharge method schematic, reproduced from [107].

Miscellaneous other methods

Growth of ZnO from an aqueous solution is an attractive option for some
morphologies because the process temperature can be below 100 °C. Large scale
fabrication of nanostructure arrays can be achieved [99]. In some hydrothermal
processes, the reaction takes place in a pressurised aqueous solution with a temperature
that is above 100 °C. This technique is one of the main routes available for the growth
of single crystals of ZnO (see Section 1.4.4). With this method, single crystals with
volumes of several cubic centimeters can be formed. The production of homo- or
hetero-epitaxically coated wafers of several square centimeters is also possible with
hydrothermal processing. To do so, ZnO is dissolved in a base e.g. KOH at high

temperatures and pressure, and is then precipitated at lower temperatures [3].

In solvothermal methods, which may be categorised under hydrothermal processes,
the reaction takes place at moderate temperatures (generally 100 to 250 °C). In this
process, an aqueous solution of an organic solvent such as ethanol, hydrazine or
ethylenediamine is used instead of pure water [108-110]. The sonochemical technique
invokes a hybridisation of hydrothermal synthesis with sonication, and has been
implemented using an ultrasonic probe to provide mechanical energy for the system.

The time necessary for crystal growth may be reduced by sonochemical treatment [111].
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Mechano-chemical processes (MCP) are yet another hybrid. Of course, wet or dry
milling of big clumps of material to form powder is not a new technique; however
comminution to a particle size below about 1 micron is not usually feasible due to
agglomeration of the particles and an increase in the viscosity of the charge. In the MCP
processes milling is combined with a solid-state chemical reaction. This combination is
suitable for the medium-scale production of nanoparticles because of its simplicity and
relatively low cost but requires a relatively long reaction time. There is no solvent
involved in this method. In the case of ZnO, there are three common reaction pathways,
(1) milling of a mixture of zinc hydroxide carbonate and NaCl (as non-reacting diluent
material) followed by calcination of the milled product to form ZnO and washing the
mixture to remove NaCl, (2) milling a mixture of ZnCl, and Na,COs to form zinc
hydroxide carbonate and NaCl and subsequent thermal decomposition of ZnCOs3 and (3)
milling of a mixture of zinc acetate and oxalic acid, followed by a thermal
decomposition of the product [112-115]. Wet-grinding to form nanoparticulate
suspensions is also possible in principle, and has been reported for other metal oxides

[116, 117].

The composite hydroxide mediated (CHM) process is another relatively new small-
scale technique. In this case the reaction to form ZnO occurs in a eutectic mixture of
molten hydroxides. Due to the higher viscosity of the molten hydroxide system, mass
transfer processes are slower than those of reactions conducted in water. However, the
higher viscosity of the molten hydroxide system is reported to result in less

agglomeration of the particles [118].

1.4. Properties

Depending on end-use, ZnO may be considered as a bulk chemical or as a specialised
semi-conductor. It has specific optical, electrical and thermal properties that are
attractive for a range of very diverse applications. For example, its high refractive index
(1.95 to 2.10) was useful in pigment applications, it can be an electrical conductor when
suitably doped, and it is thermally stable to extremely high temperatures (at least ~1800
°C). The physical and chemical properties of ZnO powder ensure a large off-take as an
additive in rubber. Alternatively, the high specific surface area of the ‘active’ grades
permits them to be used in desulfurisation processes in chemical plants. As a
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semiconductor, ZnO has applications in opto-electronics and in transparent conducting
films. Awareness of its various properties is important, both for selection of this
material for specific applications, and as input information for the producers of ZnO in

its various forms.

1.4.1. Crystal structures

There are three crystal structures of ZnO: hexagonal wurtzite, cubic zinc-blende
structure and a rarely-observed cubic rock-salt (NaCl-type), Figure 1.27. Under
ambient conditions, the most thermodynamically stable structure is the wurtzite form.
The zinc-blende structure is metastable and can be stabilised only by epitaxial growth
on cubic substrates while the higher density cubic rock-salt structure is usually only
stable under extreme pressure. The transition between wurtzite to cubic rock-salt starts
at 9.1+0.2 GPa. On increasing pressure, two phases coexist in a pressure range of 9.1-
9.6 GPa above which the transition is completed resulting in a 16.7% loss in the unit-
cell volume. Upon decreasing the pressure, ZnO reverts to the wurtzite structure at
1.9+0.2 GPa below which only a single phase is observed. This shows a significant

phase hysteresis [2].

Most of the lightly doped ZnO-based materials crystallise with the wurtzite structure
under normal conditions. The rock-salt structure is also reported for example in

Mg,Zn; O alloys in the range of 53% to 68% Mg content [10].
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Figure 1.27. Unit cell of the crystal structure of ZnO. (a) Hexagonal wurtzite

structure, (b) “zinc-blende” structure and (c) cubic rock-salt structure [2].
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1.4.2. Toxicology

Zinc oxide is generally categorised as a non-toxic material. Zinc oxide does not
cause skin and eye irritation and there is no evidence of carcinogenicity, genotoxicity
and reproduction toxicity in humans [24, 119, 120]. However, the powder can be
hazardous by inhalation or ingestion because it causes a condition known as zinc fever
or zinc ague. The symptoms of this syndrome are chills, fever, cough, and tightness in
the chest. Therefore appropriate safety precautions should be observed when preparing,
packaging, transporting and handling ZnO. According to the recent EU hazard
classifications, zinc oxide is classified as N; R50-53 (very toxic for the aquatic
environment or ecotoxic). Therefore packages of ZnO in these jurisdictions must be

labeled “UN3077-Class 9, Environmentally Hazardous Substance” [121].

Soluble zinc compounds are considered ecotoxic for aquatic organisms despite them
being necessary for humans, animals and plants in trace amounts [24, 122]. The human
body, for example, contains around 2 g of Zn and a daily intake of 10-15 mg is required
for metabolism [24, 123]. It has been shown that the ecotoxicity of ZnO to the model
aquatic protozoan Tetrahymena thermophila is caused entirely by its solubilised
fraction, i.e. the Zn*" ion [123]. Toxicities of bulk ZnO, nano-ZnO and soluble Zn*" are
similar once their different solubilities are taken into account, with 4-hr effect
concentration (ECsp) values of about 4 or 5 mg bio-available Zn/L (5 ppm). These
values are an order of magnitude lower than for soluble Cu®" [123]. By comparison, the

naturally occurring amount of Zn ions in seawater is three orders of magnitude smaller
(5 ppb).

The International Programme on Chemical Safety (IPCS) reported a range of
optimum concentrations for essential elements including zinc. “The possibility exists
both for a deficiency and for an excess of this metal. For this reason it is important that
regulatory criteria for zinc, while protecting against toxicity, are not set so low as to

drive zinc levels into the deficiency area” [124].

Sources of human and environmental exposure for zinc fall into two categories: (1)
natural sources and (2) anthropogenic sources. From the natural sources as a result of
erosion, geological activities and forest fires, zinc can be released to water streams,
oceans and to the atmosphere. Zinc can also be released to environment by human
activities. During production processes and use of zinc-containing compounds such as

40



Chapter 1

fertilisers and pigments, it can enter waters, soil and atmosphere that must be strictly
controlled. Hence, zinc toxicity to organisms depends on local environmental conditions

and habitat types and any risk assessment must consider this as well [124].

Zinc oxide has a long history of use in sunscreen compositions to block UV
radiation, with the nanoparticulate form having been introduced for this application in
the late 1990s. There have been occasional concerns voiced about possible adverse
effects on human health or the environment. However, the current evidence shows that
ZnO particles or nanoparticles do not penetrate viable skin cells and remain on the outer
layer of undamaged skin (the stratum corneum) with low systemic toxicity [125-129].
Toxicity to the aquatic environment would depend on whether any ZnO washed off
sunbathers was solubilised in, for example, the sea water, and whether the local
environmental concentration of Zn>" could thereby exceed the roughly 5 ppm threshold

mentioned earlier.

1.4.3. Morphology of zinc oxide particles

The morphology of ZnO particles can be controlled by varying the synthesis
technique, process conditions, precursors, pH of the system or concentration of the
reactants. A wide variety of shapes are possible, Figure 1.28. The French and American
process zinc oxides have nodular-type (0.1-5 pm) or acicular-type (needle-shape, 0.5-10
um) particle shapes. Wet-process ZnO may have a sponge-like form with porous
aggregates being up to 50 um diameter [24, 44]. There are, however, a large number of
other morphologies, each produced under some specific set of conditions. Many of
these have been given whimsical names. The possibilities include nanorods [108, 130],
nanoplates [109, 131], nanosheets [132], nanoboxes [131], irregularly-shaped particles
(ISPs) [131], polyhedral drums [131], hexagonal prisms, nanomallets [131], nanotripods
[133], tetrapods [134], nanowires [135], nanobelts [130, 135], nanocombs and nanosaws
[130], nanosprings and nanospirals and nanohelixes [130, 136], nanorings [130, 136],
nanocages [130, 136], nanoneedles [2, 137], nanotubes [2, 136, 138], nanodonuts [2],

nanopropellers [2], and nanoflowers [79, 139].
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1 pm

Figure 1.28. SEM images of ZnO showing various morphologies; (a) and (b) are
reprinted with permission from [110], (¢) from [111], (d) from [99], (e) from [140], (g)
from [132], (h) from [98] and (f) is synthesised by the authors. Reproduced with

permission from the various sources cited.

1.4.4. Industrial grades

There are many industrial grades of ZnO in use. Differentiation between the grades is
based on the purity, composition and specific surface area of the powder, and
sometimes the process through which it is made. Although some grades are covered in
international standards (e.g. Table 1.1) it seems that much ZnO is still supplied to
somewhat looser designations. Some of these categories are listed in Table 1.2.

However many of the companies producing ZnO have their own nomenclature too.

Bulk zinc oxide

As mentioned earlier, most of the bulk ZnO in the world is produced by either the
“French” or “American” processes. The specific surface area varies between 1 and 10
m?*/g depending on process used. Such grades of ZnO are not considered as “active” due
to their low specific surface area. Highly crystalline particles are formed during the

high-temperature manufacturing process.
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Table 1.2. Industrial grades of zinc oxide. Data are adapted from the product
datasheets from industrial producers: PT. Indo Lysaght Indonesia, US Zinc in the USA,
Umicore Zinc Chemicals and Silox in Belgium, IEQSA in Peru and Grillo Zinkoxid

GmbH in Germany.
ZnO Grade Purity (%) Sp ecifzrcnzs/lglgface Area Production Process
Gold Seal 99.995 4-7 French Process
Pharma Grade 99.8-99.9 3-9 French Process
White Seal 99.8 3-5 French Process
Green Seal 99.6-99.7 4-10 French Process
Red Seal 99.5 3-5 French Process
American Grade 98.5-99.5 Max. 3 American Process
Active Grade 93-98 Min. 30 Wet process
Feed Grade 90-99 - Various

Active zinc oxide by calcination of a carbonate

Low crystallinity ZnO with high specific area (generally 30-70 m?/g or greater) is
known as “active” ZnO, as mentioned in section 1.3.2. Specific surface areas as high as
200 m*/g may be achieved by carefully controlling the temperatures of precipitation and
calcination [141]. Material with such a high surface area will be very susceptible to the

reverse carbonation reaction described in section 1.3.2.

Other ‘wet-process’ ZnO

Zinc oxide produced by other wet-chemical processes, such as precipitation, has a
specific surface area that is intermediate between that of ZnO produced by the high-
temperature methods and that produced by the decomposition of a carbonate. The
surface area of regular (i.e., not “active”) wet-process ZnO is normally in the range of
10-30 m*/g but can attain a maximum of around 50-60 m?/g by carefully controlling the

process conditions such as concentration of the base or feeding method [79].
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ZnO single crystals

Zinc oxide single crystals, Figure 1.29, are of interest due to potential applications in
electronics. They are n-type irrespective of the growth method used. Synthesis of p-type
ZnO single crystals has been proven to be quite difficult so far [6, 142], although some
success has been claimed for p-type polycrystalline films [143-145]. Diverse methods
may be used for single crystal growth, including hydrothermal growth at temperatures
around 350-450 °C and pressures up to 2500 bar, vapor phase transport growth at
temperatures around 1100-1400 °C, or growth from a pressurised melt of salts with low

melting temperature (e.g. ZnBr,) [6, 10, 146].

Figure 1.29. Zinc oxide single crystal, produced by the hydrothermal method. Image
courtesy of Tokyo Denpa Co., Ltd. Japan.

The hydrothermal growth method yields the largest crystals but is slow, with a
growth rate of 0.1-1 mm/day [146, 147]. The hydrothermal method is also associated
with contamination of the crystals by ions from the mineraliser such as lithium [146,
148] and OH groups [146]. Crystal growth by the vapor phase methods is faster with a
rate of around 7-8 mm/day. Crystal growth from a melt is also reported to have higher
growth rate than that of hydrothermal methods and less inclusion of contamination

[148-151].

1.4.5. Optical properties

Much of the recent surge in research interest in ZnO has been motivated by possible

optoelectronic applications [2, 3, 5, 152]. This is because there appears to be a
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possibility of replacing the GaN-based compounds currently being used in
optoelectronic devices operating in the blue or UV range (for example, LEDs, laser
diodes and photodetectors) with a cheaper and non-toxic alternative such as ZnO.
Selection of ZnO is due to the similarity of its band gap energy (3.37 eV at RT) with
that of GaN (3.39 eV at RT) and, importantly, the larger exciton binding energy of ZnO
(60 meV) compared to that of GaN (18-28 meV) [153]. This would be useful in light
emitting devices. Band-gap engineering of ZnO is also possible. For example, alloying
with CdO decreases the band gap [6] while alloying with MgO increases the band gap
[6, 152]. The compound Mg/Cd;Zn,O has a band gap that is potentially tunable
between 2.3 to 4.0 eV [6]. Emission properties of ZnO nanoparticles are influenced by
many factors such as synthesis method, morphology of the nanoparticles, dopants and
ligands used for surface coating [6, 152-154]. Zinc-based phosphors have been known
for decades, although the precise mechanism of their operation is still said to be

controversial [155, 156].

1.4.6. Electrical, thermal and magnetic properties

Zinc oxide was one of the first semiconductors to be extensively investigated.
Somerville measured the resistivity of cylindrical ZnO rods up to temperatures of 1200
°C in 1912. In the early 1930s, two groups, (Jander and Stamm) and (Baumbach and
Wagner), investigated the dependence of the electrical properties of oxides including
ZnO on their stoichiometry, which resulted in the proof of the theory of defect equilibria
by Schottky and Wagner for ionic crystals [10, 157]. However the lack of a reliable p-

type variant has hampered efforts to use it in many types of devices.

Piezoelectricity, pyroelectricity and thermoelectricity

In 1960, it was discovered that ZnO is a piezoelectric semiconductor with a large
electromechanical coupling coefficient (piezoelectric crystals can transform mechanical
energy into an electric signal or vice versa). The tetrahedral coordination in ZnO
crystals results in a non-centro-symmetric structure and consequently piezoelectricity
and pyroelectricity. Crystals can only be piezoelectric if they are non-centro-symmetric.

The piezoelectric crystals can transform mechanical energy into an electric signal or
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vice versa. This led to the first electronic application of ZnO as a thin layer for SAW
devices. Other applications can be in resonators, controlling tip movement in scanning

probe microscopy, or as air or liquid vibration sensors [10, 130, 153].

Among the thermoelectric (TE) compounds, oxides have been researched extensively
in recent years due to their interesting properties. In particular, some oxides are
environmentally benign and can be used in oxidising conditions and at high
temperatures. Currently, p-type oxide TEs are the only oxide materials, which possess
reasonably high figures-of-merit (the so-called ‘ZT wvalue’). There has been less
progress made in developing n-type oxide TEs with comparable ZTs. Doped ZnO,
especially Al-doped ZnO, is an excellent n-type oxide TE. Other dopants, such as Ni or
praseodymium (Pr) have also been considered [158-161]. Unfortunately the all-
important figure-of-merit of ZnO is still inferior to many other kinds of thermoelectric

substances.

Ferroelectricity, magnetism and ferromagnetism

Ferromagnetism can be induced in ZnO by doping with either ferro- or paramagnetic
elements such as Fe, Co, Ni or Mn, Cr and Li, or nonmagnetic elements such as Ti, V,
Cu. While semiconductor materials are used for microprocessors, magnetic materials
are used for memory devices. Materials that share both of these properties, sometimes
referred to as dilute magnetic semiconductors (DMS), are of potential interest for a new
generation of devices. Interest in ZnO as a DMS has been intensified by theoretical
calculations, which suggest that it could hold its ferromagnetism at relatively high
temperatures by doping with some 3d transition metals. In addition, its optical
transparency might provide a transparent ferromagnetic material, which would open up
new device possibilities. However, synthesis, reproducibility and understanding of such

materials are still a matter of much debate [10, 162-165].

Electrical conductivity

The conductivity of ZnO depends significantly on its content of charge carriers,
which is in turn highly influenced by its stoichiometry. The latter can be adjusted by the

oxygen or zinc partial pressure during high temperature processing. In addition,
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annealing in a reducing atmosphere containing hydrogen can have a large effect on
electrical conductivity. In contrast, hydrothermally grown ZnO crystals show very high
resistivities due to the solvents used containing atoms such as Na, K or Li that can
readily provide charge compensation in a defective lattice [10]. Electrical conductivity

of ZnO, as in most other semiconductors, increases with temperature.

In piezoelectric devices, ZnO must have a very high resistivity (>10* Qcm). This can
be provided by doping with lithium for example, by means of which the resistivity can
be increased to 10'? Qcm. On the other hand, for applications, such as solar-cells, that
might require a transparent conducting oxide, very high conductivity of ZnO thin-films
is a prerequisite. For these purposes resistivities as low as 2 x10™ Qcm have been
achieved by high doping levels of B, Al, Ga or In. While undoped ZnO crystals show
carrier concentrations as low as 10" cm™, In-doped materials show carrier
concentrations around 10%° cm™ [10, 166]. However, as mentioned previously, a
generally applicable process to achieve stable p-type ZnO with high conductivity has
not been found yet. It is believed that one problem is self-compensation in the lattice of
the ZnO originating from the native defects or hydrogen impurities [144, 167]. The
lowest p-type resistivity values reported so far are around 0.5 Qcm for example by N,
Ga, As or P-doping [142]. Unrealistic hole concentrations (p) in the range of 10'%-10'
cm ° have also been claimed by doping with e.g. P or As that is still under debate [168,
169]. Obtaining a stable high-conductivity p-type ZnO would provide a breakthrough in
the fabrication of homo-epitaxial LEDs, laser diodes and thin film solar cells [6, 142,
145, 169, 170].

Zinc oxide can be doped intrinsically or extrinsically. Intrinsic doping is associated
with defects in the crystal lattice that are caused by deviation from a perfect
stoichiometry. In particular, zinc interstitials (Zn;) or oxygen vacancies (Vy), which are
shown to have low formation energies act as intrinsic dopants and result in change in
conductivity. Zn; acts as a shallow donor and may be responsible for n-type
conductivity. Annealing the material under vacuum, reducing conditions (H;
atmosphere) or by annealing in zinc vapor may lead in better conductivity. In contrast,
annealing ZnO under oxidising conditions can result in higher resistivity. Zinc oxide
can also be extrinsically doped by addition of external elements into the crystal
structure. To increase the conductivity by donors, addition of dopants such as group III
(Al, B, Ga, In)-oxides and Cr,03, Y»03, Ce,03, TiO,, ZrO, or HfO, has been reported.
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For acceptors, the group V elements (N, P and As) and Sb are reported [10, 167, 171].
Hydrogen, which is almost present at all times during growth of ZnO crystals, is also an
important dopant. Hydrogen acts as a shallow donor on ZnO surfaces, which works

against the achievement of p-type doping [10, 142].

Heat capacity, thermal conductivity, thermal expansion coefficient

Zinc oxide has relatively high heat capacity and thermal conductivity [37]. The
specific heat capacity (C;) value for ZnO is reported to be about 40 JK 'mol™, which
increases to around 50 JK'mol” at 630 °C [89]. Thermal conductivity value, 4, and
coefficient of expansion, ar, of zinc oxide are functions of porosity of the powder and
temperature. These values are quite sensitive to preparation method as well [161, 172].
Thermal conductivity can also be manipulated by doping with for example Al [161].
Thermal conductivity at room temperature is about 50 WK 'm™ for bulk ZnO but this
drops to 15 WK'm™ as the temperature or porosity increase [161, 172]. Zinc oxide has
a relatively low coefficient of expansion at room temperature (o, = 3 to 8 x 1076 K1)

that increases as the porosity or temperature increase [172].

Thermochromism

Crystalline ZnO is thermochromic, changing from white to yellow when the
temperature is increased to >300 °C [24] and then from yellow to white upon cooling.
This is probably because of the formation of crystal lattice defects due to a loss of
oxygen and the formation of the non-stoichiometric Zn;;,O, with x increasing with

temperature.

1.4.7. Surface properties

The surface properties of ZnO particles or thin films play a significant role in diverse
fields, for example in sensing, catalysis or optoelectronics. As a result, physics and
chemistry of the surfaces of particles is a hot topic and many groups have tackled this
[2, 8, 173]. Absorbtion of molecules onto the ZnO surface has been examined with

some attention focused on the adsorbates for methanol synthesis from syn-gas (H,, CO,
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COy) [8, 174]. The wettability of ZnO surfaces has also been examined; flat ZnO
substrates exhibit the maximum water contact angle of 109 ° [175]. Super-hydrophobic
ZnO has been prepared by surface treatment with fatty acids and reversibly switchable
wettability between super-hydrophilicity and super-hydrophobicity has been observed
by alternation of UV irradiation or oxygen plasma treatment [175-177]. The
hydrophobicity of ZnO additives is an important issue in polymer blending when
seeking to obtain a homogeneous particle distribution or grafting of monomers onto the
metal oxide. Since most polymers are hydrophobic and ZnO is hydrophilic, the surface
of the particles surface may be modified for better compatibility with the polymer
matrix [178-180].

1.5. Applications

The uses of ZnO have changed markedly over time. Some major uses in photocopy
paper as a photoconductive ingredient [181] (which was the second largest volume
consumed in the 1970s [37]) and in linoleum have almost disappeared [35].
Furthermore ZnO is not the principal white pigment in paint anymore. Today its major
uses are in the rubber industry, followed by ceramics [35], but it has many niche
applications such as, for example, in drilling fluids for the oil and gas industry [182,
183] and cigarette filters [157, 184]. Most recently, ZnO is being investigated for
applications such as LEDs, transparent transistors, solar cells and memory devices [2, 3]
and as the basis of a transparent conducting oxide for consumer devices [10]. The more

important of these applications are discussed briefly below.

1.5.1. Rubber

The major application of ZnO (more than half of the total use) is currently in the
rubber industry where it is used as a vulcanising activator (a substance applied in small
doses to increase the effectiveness of the vulcanisation accelerator). Early un-
accelerated vulcanisation processes used ~8 parts per hundred (phr) of rubber and
required temperatures above the sulfur melting point for several hours. Organic

accelerators allowed the amount of sulfur and vulcanisation times to be significantly
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reduced but a significant breakthrough in the vulcanisation process involved activators

such as ZnO [30, 185].

Zinc oxide as well as magnesium oxide and lead oxide are also used as a curing or
cross-linking agent for halogen-containing elastomers such as neoprene or polysulfides
[186]. Metallic oxides not only change the rate of cure but also the ‘scorch’ (i.e.
premature vulcanisation caused by heat during rubber processing) in neoprene [187]. In
cable insulators such as ethylene propylene diene monomer (EPDM) rubber, the
incorporation of ZnO imparts low water absorption and longer lifetime. It is also used in
pressure sensitive adhesives (e.g. in epoxidised natural rubber, ENR) [188, 189] and in

surgical tapes and also adhesive tapes for keloid therapy [190].

The addition of ZnO also considerably improves the thermal conductivity of rubber,
which is crucial to dissipate the heat produced by deformation under load or cyclic
stress, for example in vibration mounts or when a tire rolls. There is also evidence that
the inclusion of ZnO in rubber compounds improves the abrasion resistance. It has also
been found that ZnO improves the heat resistance of the vulcanisates. ZnO additions
also contribute to the processing of uncured rubber by decreasing the shrinkage of
molded products and improving the cleanliness of the molds. Finally, its presence
appears to increase the bonding between rubber and metallic inserts, such as steel wire

[185].

During the vulcanisation process, only the small quantity of ZnO at the surface of the
particles is involved. Therefore, the efficiency of ZnO use in vulcanisation can be
improved by the maximisation of the interfacial area between ZnO particles and
accelerator. This depends on the particle size, shape and specific surface area. However,
production, de-agglomeration and dispersion of small particles of ZnO are difficult and
smaller ZnO particles may unintentionally diminish some desired rubber rheology
characteristics [187, 191]. Standard ASTM D4620-02 (the standard test method for
evaluating the effective surface area of ZnO in rubber) mentions that the specific
surface area of ZnO can significantly affect cure activation and vulcanisation properties.
Longer cure times indicate lower surface area and vice versa [192]. The mechanism for
reaction of ZnO with organic vulcanisation accelerator, tetra-methyl-thiuramdisulphide

(TMTD), is shown in Figure 1.30.
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Figure 1.30. Mechanism for reaction of zinc oxide and the vulcanisation accelerator
[193].
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Zinc oxide must be dispersed
properly in the rubber to impart the
required properties. This is normally
achieved by high intensity mechanical
mixing, but in some cases a coating of
co-activator fatty acids (particularly
propionic acid or stearic acid, 0.2 to
0.4% by weight) prior to its
incorporation into the rubber might be
of benefit. These co-activator fatty acids
make the ZnO surface hydrophobic and
improve dispersion times into organic
media [193, 194]. Another benefit of
application of surface-treated ZnO is
that such ZnO retards the initial cure,
which decreases the scorching of rubber
while yielding the optimum cure in
approximately the same time as
untreated ZnO. French or American
process ZnO is suitable for the surface-
treatment with fatty acids. A drawback
of the surface-treated ZnO is that it is
extremely dusty. Dustiness is related to
the low bulk density of the particles,
which causes significant disadvantages
in handling, such as increased cost of
transportation, process control problems
and, possibly, an unpleasant working

environment [194].

As explained in Section 1.3.1, more
than half of the global rubber output is
consumed by the tire industry.

Therefore tire industry plays a decisive

role in the consumption of zinc oxide in
the world. Zinc oxide together with
other additives for the manufacture of
tire is first weighed and then vigorously
mixed with rubber in Banbury mixers
(Figure 1.31) to achieve the proper

dispersion.

Figure 1.31. Schematic and
photograph of Banbury mixer in tire
manufacturing.  Reproduced  from
technical document from  Farrel

corporation.
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In recent years, due to the environmental and economic concerns in relation to the
amount of zinc in rubber products, there is a tendency for minimisation of the zinc
content. To reduce the necessary amount of ZnO, the activity of the particles should be
increased. Therefore the availability of Zn>" ions at the surface of the crystals should be
maximised [193]. Some suggested options include the application of ‘active zinc oxide’,
use of the so-called ‘nano zinc oxide’, and prior chemical reaction between the
accelerators, stearic acid and the oxide before addition into the rubber matrix. Reported
data indicate the possibility of reducing ZnO levels without impairing the properties of
the vulcanisates [122, 186, 187, 193]. In the vulcanisation of solution styrene-butadiene
rubber (s-SBR), other ways to reduce the amount of zinc in the rubber compositions
include the application of CaO, MgO, zinc-m-glycerolate or zinc clay (e.g. 5 phr) as
good alternatives for ZnO without damaging the cure properties. Zinc-bearing clays can
be produced by modification of commonly used clays such as montmorillonite with zinc
ions. By application of 2.5-5 phr of zinc clay (equivalent to 0.15-0.3 phr of pure ZnO)
in s-SBR composition, physical and curing properties of the rubber remained unchanged
compared to the 3 phr of pure ZnO. This change is associated with an order of

magnitude reduction in the amount of zinc used [122, 193].

Environmental Risks

Figure 1.32. Fate of zinc oxide in tire.

53



Chapter 1

1.5.2. Ceramics and concrete

The second largest application of ZnO is in ceramics [35] in particular the tile industry
[36]. Both the French or American process ZnO are suitable. The relatively high heat
capacity, thermal conductivity and high temperature stability of ZnO coupled with a
comparatively low coefficient of expansion are desirable properties in the production of
ceramics. In glazes, enamels or ceramic formulations, ZnO affects the melting point and
optical properties of the glaze. Zinc oxide as a low expansion secondary flux improves
the elasticity of glazes by reducing the change in viscosity as a function of temperature
and helps prevent crazing and shivering. By substituting ZnO for BaO and PbO, the
heat capacity is decreased and the thermal conductivity is increased. Zinc in small
amounts improves the development of glossy and brilliant surfaces. However in
moderate to high amounts, it produces matte and crystalline surfaces [37, 195, 196].
With regard to color, zinc has a complicated influence. It can improve or damage blues,
browns, greens, pinks and is not recommended with pigments or glazes containing

copper, iron, or chromium [195].

Zinc oxide acts as a metallic oxide flux in the preparation of frits and enamels for
ceramic wall and floor tiles or for sanitary and tableware ceramic applications. Its
fluxing action starts at around 1000 °C (e.g. in Bristol glazes). Zinc oxide may be
reduced to metallic zinc under reducing conditions in the gas-fired kiln followed by
volatilisation some time later. It’s a late and vigorous melter. These properties are useful
for low fire glazes and as a result ZnO is quite common in fast fire applications [195,

197].

Zinc oxide in concrete provides longer processing time and improves its resistance
against water [3]. In the manufacture of Portland cement, ZnO can be used in the raw
material mixture for the production of cement clinker [198]. Its addition in small
amounts to Portland cement retards the setting and hardening effectively (at 0.25% ZnO
addition: hydration is almost zero up to 12 hours; at 1% addition: hydration does not

begin up to 2 days) and improves the whiteness and final strength [196, 198].

Phosphate cements generally set quickly and this property makes them useful for
many civil engineering repair applications (such as highway patching or patching of
preformed concrete products), as well as dental castings, phosphate-bonded refractory
bricks, mortars, ramming mixes, cement pipe, sprayable foamed insulation, and flame-
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resistant coatings. Different methods can be used to produce phosphate cements. For
example a reaction between metal oxides such as ZnO with phosphoric acid or a
reaction of metal oxides with ammonium phosphates, magnesium acid phosphates,
aluminum acid phosphates, and other metal phosphates. The rate of reaction of oxides
with phosphoric acid depends on the oxide alkalinity. The ZnO reaction is so rapid that

the structure develops no cohesion [198].

Zinc hydroxy-chloride cements can also be produced by a reaction between ZnO and
aqueous zinc chloride. The hard cement is quite stable and insoluble in water and is not
attacked by acids or boiling water. However this cement hasn’t found any practical

applications due to the poor workability [198].

1.5.3. Plastics and linoleum

Zinc oxide may provide useful benefits when added to a plastic polymer. Once again
this is commonly in the form of the French or American process material. Properties
such as improved heat resistance, mechanical strength and water and fire resistance are
imparted to acrylic polymers, polyvinylidene fluoride (PVDF), epoxy resins and nylon-
6-6. Zinc oxide may be used as a stabiliser in polyolefin resins such as high density
polyethylene (HDPE), polypropylene (PP) and unsaturated polyesters, poly-
chlorofluoroethylene and poly-vinyl-halides such as PVC. In these matrices it provides
UV absorption properties, thermal stability and increased tensile strength. Zinc oxide-
stabilised PP and HDPE are used in safety helmets, stadium seating, insulation, pallets,
bags, fibers and filaments, agricultural and recreational equipment. Zinc oxide also
improves the dye-ability of polyester fibers and the antistatic, fungistatic and emulsion

stability of vinyl polymers [196, 199-205].

In the production of linoleum, ZnO acts as a coloring agent that is mixed with all
components such as linoleum cement, organic and inorganic fillers in a mixing unit. A
typical linoleum composition may contain approximately 40% binder, 30% organic
fillers, 20% inorganic mineral fillers and 10% coloring agents, including up to 5% ZnO

[206, 207].
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1.5.4. Pigments and coatings

Although now largely superseded by TiO,, ZnO remains an important white
inorganic pigment in niche applications. Pigments made of ZnO are known as ‘zinc
white’ or ‘Chinese white’ or ‘flowers of zinc’, with the term ‘zinc white’ now reserved
for ZnO pigment produced by the French process [24]. The pigment may be purchased
in the dry form or as a paste in oil [24, 50]. An important property of white pigment is
its low light absorbance together with high dispersion of radiation in the visible region
(wavelengths of 400-800 nm). However, the scattering power depends on the particle
size and also the wavelength of the incident beam [24]. Therefore by controlling the

particle size, it is possible to engineer the desired scattering power to some extent.

Replacement of linseed-oil based exterior paints with latex-based ones during 1980s
caused a significant decline in the demand for ZnO in the paint industry. However this
trend was partially reversed during 1990s due to a ban in some countries on mercury-
containing latexes (mercury has been used as a fungicide and for mold control in the
latex) and introduction of ZnO into the latex due to its fungistatic properties [36]. Direct
process ZnO is preferred in these applications due to its lower reactivity with resin

systems.

On the other hand, ZnO as a pigment cannot compete for hiding power with TiO,.
Hiding power is the ability of a coating to mask the color of the substrate. It is related to
the ability of a particle to scatter light, which in turn is directly related to refractive
index. The average refractive index of rutile crystal (2.73) is considerably higher than
that of ZnO (2.02) [27], a factor that in large measure explains why TiO; pigments now
dominate the paint industry. Zinc oxide can also cause blistering when water penetrates
into the coating and, as a result, its application in primers is not recommended.
However, ZnO in paint contributes to mildew protection, UV absorption, hiding power
and neutralisation of acids formed during paint oxidation so it still has some
applications, particularly in anti-fouling paints for ships [35]. ASTM D79-86 provides
information on ZnO additions to paint. An important point is that the ZnO pigment must
contain less than 0.5% moisture content. Therefore the French or American process
ZnO materials are used, which have very low moisture and volatile matter content. Wet-
chemical ZnO, with higher moisture content and surface hydroxyl groups, cannot

generally be used in such applications. There have been very significant changes to
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paint formulations over the last few decades, and a very large number of standards or
specifications related to the use of ZnO in paints have been cancelled or withdrawn.
Therefore, care should be taken to acquire the most recent information before using

Zn0O in a modern paint formulation.

Zinc oxide also has a potential application as an energy-saving coating on windows
[4]. As described in Section 1.4.6, ZnO becomes modestly electrically conductive when
doped with elements such as Al or Ga, hence it acquires the ability to reflect infrared
radiation. It can therefore be used as a component of a multilayer coating system for
energy-saving or heat-rejecting windows. In these applications the visible part of the
spectrum passes through the coating but the infrared radiation is either reflected back
into the room (saving energy in cold weather) or it is reflected from outdoors (rejecting
radiant heat in hot weather). The ZnO coating can be applied by physical vapor
deposition in a vacuum chamber, using sputter targets manufactured from very pure
ZnO powder. However, the market is currently dominated by pyrolytic SnO; coatings

because these are cheaper to produce.

In space industry, to protect spacecraft components NASA scientists developed a
ZnO-based coating that could tolerate the extreme conditions of space travel with a
thermal cycling between 180 °C and -180 °C and the UV exposure levels equivalent to
19,000 sun hours [208].

It is also reported that the sulfide scavenging properties of ZnO can be useful for the
corrosion-resistant tin coatings applied on the inside of steel cans used in the food
packaging industry. Fine particles of ZnO incorporated in the coating can react with the
trace amounts of H,S given off during the cooking of foodstuffs such as corn. The
reaction of ZnO with H,S forms white ZnS. This prevents from the formation of
unsightly (black) tin sulfide stains that would be caused by the reaction between H,S

and tin coatings [27].

1.5.5. Cosmetics, medical and dental

A wide range of cosmetic products e.g. moisturisers, lip products, foundations,
mineral make-up bases, face powders, ointments, lotions and hand creams make use of

ZnO [125]. One reason is that ZnO helps cosmetics adhere to the skin but a more
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important motivation is that ZnO is a broad-spectrum UV absorber, which effectively
attenuates UV radiation in both the UVA (320-400 nm) and UVB range (290-320 nm).
It is photo-stable and has one of the broadest UV attenuation spectra amongst the
sunblocks approved by regulatory authorities such as the USA’s FDA [209, 210].
Performance of ZnO particles for UV attenuation depends on particle size with an
optimal size of 20-30 nm. However it is generally used in particle size range of 30-200
nm. To facilitate its dispersion in the compositions, particles are generally surface-

treated with inert coating materials, such as silicon oils, Si0; or Al,O3 [125].

Clinically, ZnO promotes wound healing [211, 212] and keeps wounds moist and
clean. High surface area ZnO (active grade) can be used in lotions or creams for the
treatment of acne or of fungal infections such as athlete’s foot (7inea pedis). Active
ZnO inhibits the growth of bacteria such as Staphylococcus Aureus and
Propionibacterium acnes, which results in less of the sebum (an oily substance secreted
by the sebaceous glands in mammalian skin) being split into the free fatty acids that in
turn act to inflame the follicle wall. ZnO may also be used in anti-dandruff shampoos
and in the treatment of nappy rash, which often gets worse by the infection due to
Candida Albicans [212]. Table 1.3 summarises some applications of active ZnO in

skincare products.

Table 1.3. Skincare products containing active ZnO vs. its percentage in the

formulation [212].

Men’s Facial wash Sensitive cleansing pads

Translucent complexion base Overnight gel

Product Active ZnO % | Product Active ZnO %
Skin treatment gel 5 Cover-up stick 5
Non-oily moisturiser 5 Baby lotion wipes 5
Cleansing lotion 5 Nappy rash cream 5
Cleansing wash 5 Nappy cream 5
Moisture fluid 5 Shower gel 5
Anti-dandruff shampoo 2 Acne lotion 5

5 5

5 5

5 5

Pressed powder Emergency gel
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As an ingredient in dry deodorants to reduce wetness under the arm, ZnO can be
used between 0.05 to 10% by weight with average particle size in the range of 0.02 to
200 microns. Normal deodorants have an alkaline nature with a pH range of 9-10,
which may cause irritation on skin. Neutral pH deodorant is more desirable for sensitive
skins, which can be provided by application of small size ZnO in the formula of

deodorant [213].

Zinc salts such as chloride and sulphate are useful in dental materials such as
dentifrice pastes, filling material, cements and impression materials, but may cause an
unpleasant lingering taste. ZnO may alleviate this problem in toothpaste, for example
[214]. In dentifrice compositions, 0.1-10% ZnO is generally added as an anti-plaque,
anti-gingivitis, anti-bacterial or tartar agent. Anti-plaque properties of compositions
containing ZnO are improved by formation of zinc ions, which slows tartar formation.
Typical compositions of toothpaste, tooth gel and tooth powder containing ZnO are
disclosed in the patent literature, see for example [215]. It is recognised in the field that
the useful effect of the Zn is from soluble Zn** ions rather than from ZnO itself which,

as mentioned previously, is comparatively inert.

Zinc oxide can also be used as a source of zinc in mouthwash compositions. Reaction
between zinc oxide and citric acid provides zinc citrate needed for the application in
mouthwash liquid [216]. ZnO, NaOH, and citric acid have been claimed to alleviate bad

breath by neutralising the bacterial sulfur secretions produced in the mouth [217, 218].

1.5.6. Catalysts

It was discovered by the German company, Badische Anilin und Soda Fabrik
(BASF), in the 1920s that methanol was the major product of the hydrogenation of
carbon monoxide over mixed zinc and chromium oxides [219]. In 1932 Henry Dreyfus
patented a process for the manufacture of methyl alcohol using ZnO or a mixture of
Zn0O and chromium oxide [220]. Today, methanol is a very important commodity in the
chemical industry, and is used as-is or as a feedstock. A methanol synthesis catalyst
must be active for about four years and must also be selective to avoid formation of
other unwanted species such as methane or ethanol. The catalytic process for synthesis
of methanol uses synthesis gas, a mixture of H,, CO, and CO;. Originally a high-

pressure (100-350 bar) process over ZnO/Cr,0s5 catalyst at 320-450 °C was applied but
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this was replaced by a lower-pressure process (50-100 bar) over Cu/ZnO/Al,O; catalyst
at 200-300 °C patented in 1965 by Imperial Chemical Industries [219, 221], see Figure
1.33. So far the best methanol productivity reported is over catalyst Cu/ZnO/Al,0Os,
which is low in sodium and sulfur. This can be prepared by the co-precipitation of Cu,
Zn, and Al salts such as nitrates and alkali bicarbonates or carbonates. The resulting
mixed metal hydroxy-carbonates are then calcined at around 300-500 °C to form the
mixed metal oxides. The ratio of the oxides is variable depending on the manufacturer,

and falls in the range 40-80% CuO, 10-30% ZnO and 5-10% Al,O3 [219, 222, 223].

Figure 1.33. Examples of methanol synthesis converters: (a) tube-cooled, low-
pressure reactor; (b) quench-cooled, low-pressure reactor [224]. Adaopted from Catalyst

Handbook, ed. M.V. Twigg, Manson Publishing Company, London, 1996).

Alkali-promoted ZnO catalysts can also be used in the production of iso-butyl
alcohol from synthesis gas at temperatures above 400 °C [65]. Co/Cu/ZnO/Al,0O3
catalysts were also developed by Institut Francais du Pétrole (IFP) to produce higher
alcohols at relatively low pressures [225]. Zinc oxide has been also used as a formose

catalyst. It heterogeneously catalyzes formaldehyde condensation to a complex mixture
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of formose sugars at slightly acidic conditions [226]. Other uses of ZnO include as a
catalyst for conversion of cyclohexanol to cyclohexanone in the course of the

production of caprolactam, (CH,)sC(O)NH, which is a precursor for nylon 6 [65].

1.5.7. Desulfurisation

Application of ZnO for desulfurisation processes was suggested in 1940 by
Johnstone and Singh [227, 228]. The reaction ZnO + H,S — ZnS + H,O has a favorable
AG of < -75 kJ/mole between 0 and 1000 °C. Therefore, ZnO can serve as a scavenger
for H,S gas in a variety of fluids and gases, particularly hydrocarbon gases containing
H,S or other sulfur-containing compounds and industrial flue gases [228, 229]. For
instance in gas-to-liquid (GTL) production plants, natural gas feedstocks may be
desulfurised using ZnO fixed-bed reactors. To lower the sulfur content of process
streams to an acceptable level [97, 229], the ZnO specific surface area should be above
20 m?*/g and preferably in the range 50-200 m?/g. It is typically used in the form of
granules or pellets. Operating temperatures may be between -10 °C to +200 °C with a
maximum temperature below 300 °C [230]. Although ZnO can be regenerated, its
recovery involves calcination at temperatures around 500 °C that releases SO, [231]. A
schematic of a purification process using ZnO and typical desulfurisation reactors and

ZnO absorbent are shown in Figure 1.34.

In a typical design, which is in use in the hydrogen unit in Shazand Arak Oil
Refinery Company (SAORC) - the biggest single refinery in Iran - two ZnO fixed-bed
reactors are used. Design length of the ZnO drum is 2.75 m and its diameter is 1.37 m.
Volume of each bed is 6.13 m’. Initial charge of ZnO to the unit is 12.26 m’. Extruded
ZnO with a bulk density of 1120 kg/m’ is used. About 14 tonnes of ZnO is charged. The

life time of the ZnO bed is around 2 years (internal communication with the refinery).
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Figure 1.34. a. An industrial desulfurisation unit; b. A schematic diagram of a

simplified hydrocarbon feedstock purification unit using ZnO as a desulfurisation
absorbent; c. An example of a ZnO desulfurisation absorbent. By permission from

Haldor Topsee, Denmark.
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1.5.8. Oil and gas well drilling fluid

Drilling fluids or “muds” in oil and gas industries are used to control formation
pressure, cool the bits and carry cuttings from the drill holes to the surface. During the
drilling process, H,S can be formed by the action of sulphate-reducing bacteria (SRB)
under anaerobic conditions in sea water or in formation water and can diffuse into the
drilling muds. This toxic and corrosive gas should be controlled to reduce health
hazards and damage to pipelines and equipment. Maximum acceptable level of this gas
in the work environment is 15 ppm. The reaction kinetics and absorption capacity of
ZnO make it a useful absorbent for H,S in drilling fluids with the advantage that spent
ZnO sorbent is nontoxic [182]. A very large specific surface area is helpful in this
application. ‘Nano-ZnO’ with a crystal size of <30 nm and specific surface area of >40
m?/g is suitable. For example, nano-ZnO samples produced by spray pyrolysis and with
specific surface area over 44 m2/g removed 100% of H,S within 15 minutes in a
simulated aqueous drilling fluid. In contrast, bulk ZnO with the specific surface area of
5 m*/g and a crystal size of about 250 nm removed only 2.5% of the H,S in 90 minutes

[182].

Another important issue in the formulation of drilling fluids is the effect of various
constituents on their density and viscosity. In geo-pressured horizontal wells, the
density of the drilling fluid should be around 1400-2300 kilograms per cubic meter.
Barium sulphate is used as a weighting compound in vertical wells, but is not optimum
for horizontal wells, which require that such an additive be soluble in acid [183]. To
address the problem, ZnO - which has a density of 5.6 g/em’ vs. 4.5 g/cm’ for BaSO, -

has been proposed for use as weighting agents in such drilling fluids [183].

1.5.9. Varistors

Varistors are protective electronic devices with an extremely nonlinear current-
voltage curve, generally at low temperatures, Figure 1.35. As the voltage increases and
reaches a certain voltage (breakdown value), a dramatic increase in current occurs [10,
232]. Zinc oxide in this ceramic form acts as a resistor below the surge voltage and a

conductor above that. The [-V characteristic of a varistor is also a function of the
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temperature. As the temperature increases, it loses its non-linear characteristics and

leaks more readily.
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Figure 1.35. (a) Schematic of microstructure of a ZnO varistor [10]; (b) small size
varistor; (c) temperature dependence of I-V curve of ZnO varistor [232] and (d) a
typical silicone-rubber-housed ZnO surge arrester type PEXLIM P330-YH420 suitable

for protection in 420 kV systems by permission from ABB, Sweden.

The first ZnO-Bi,0s-based varistor was developed by Matsuoka in Japan in 1969.
Today commercially available varistors are mostly based on a polycrystalline matrix of
ZnO (grain size around 10 pm) combined with other additives such as oxides of Bi, Co,

Cr, Mg, Mn, Ni, Pr, Sb, Si and Ti with contents above ~0.1 mol%. ZnO-based varistors
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are widely used in automotive, low-voltage electronic, high-voltage power transmission,
avionic and lightning arresting applications to protect the sensitive components of
electrical systems. The size of a ZnO varistor depends on the application and varies
from a few millimeters for integrated circuit boards to 1 m for high voltage surge
arresters. ZnO varistors are relatively cheap with a long life span and can withstand high

currents and energies. Their switching response is about 500 ps [232, 233].

Large surge arrestors are made of a stack of individual ZnO varistors of up to 10 cm
in diameter. Internal ZnO blocks are manufactured by premixing and pressing the ZnO
(e.g. the French process grade) and other metal oxides into the mold. Then the pressed
shape is sintered at temperatures above 1000 °C for several hours followed by slow
cooling (~100 Kh™) to form a solid block. The solid block is next coated by a
conductive layer followed by stacking the blocks together and sealing them in a vessel
made of a ceramic material or molded rubber [232-234]. Detailed processes to
manufacture ZnO-based varistors are disclosed in the US patents 5250281 and 4262318
[232, 233].

1.5.10. Fertilisers, food supplements and animal feed

Zinc is an essential micronutrient in all organisms including humans, which is quite
important for the healthy growth and metabolism, normal functioning of immune
system [235, 236]. During pregnancy the need for zinc increases [237]. It’s involved in
many proteins within cytoplasm and organelles of the eukaryotic cell. For the
mammalian cell, zinc quota is around 10® atoms per cell (zinc quota is defined as the
total zinc content in cell for the optimum growth) [236]. Gain and loss of the zinc in
animals are regulated efficiently. In humans this is controlled by two systems: intake

from the intestine and loss via pancreatic and intestine secretions [238].

Diet, therefore, is the most important factor that determines the zinc intake to the
body. The efficiency of adsorption is in the range of 15-35% in adults. Zinc deficiency
especially in developing countries is reported and it’s estimated that around one-third of
the world’s population live in the zinc deficient areas and thus at risk. Zinc deficiency
has a role in physical growth, morbidity and mortality from infections (such as diarrhea
and pneumonia) particularly in young children and also adverse effects on the health of

the mother and fetus during pregnancy and lactation [239].
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Water-soluble or insoluble zinc fertilisers are used to provide traces of Zn in
deficient soils. These are especially important for rice, corn, potato, beans and oil palm
where relatively large amounts may be used. The zinc-containing material may be
applied directly, or blended with another product such as urea [240]. Alternatively, ZnO
could be added to the composition of a pesticidal-micronutrient to provide the required
zinc for spray application to crops [37, 241] or suspended in water with a dispersant

such as calcium lignosulphonate.

Free-flowing ‘feed grade’ ZnO is a special grade with Zn content between 72-79%,
ZnO content of 90-99% and (usually) a high bulk density between 1600-2400 kg/m’,
which can be easily handled, stored in silo trucks and weighed automatically. Feed
grade ZnO is mostly used in animal feed for piglets, cats, dogs, cattle or poultry. There
is some ambiguity concerning the method by which feed grade ZnO should be
manufactured. Edwards and Baker [242] examined the efficacy of four grades of ‘feed
grade’ ZnO in the North American chicken industry and found that they varied widely.
Furthermore, the materials used had been manufactured by at least three processes: the
direct process (in a Waelz kiln), the sodium dithionate process and the French process.

Table 3 shows the chemical composition of a typical ‘feed grade’ ZnO.

Table 3. Chemical purity of a typical feed grade zinc oxide [243].

Zn Min. (%) 72.0
Pb Max. (%) 0.04
Cu Max. (%) 0.01
Cd Max. (%) 0.0001
As Max. (%) 0.005
Cl Max. (%) 0.1

Food fortification is considered as an effective and the most economic method,
which increases the dietary zinc intake and adsorption for humans [239]. Zinc oxide and
to a lower extent zinc sulphate (two cheapest zinc chemicals commonly used by food
industries) are generally applied to the food for example wheat, rice and maize flours
[235, 239, 244, 245]. Companies such as Kellogg make use of zinc oxide in the
compositions of fortified cereal and chocolate bar [246-248]. Zinc as ZnO is also seen
in the compositions of multivitamin and mineral tablets as dietary supplement. A typical

tablet contains 5 to 10 mg of zinc oxide. Zinc is good for skin, hair, nail and eyes. Zinc
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oxide is recommended in the supplement compositions for age-related macular
degeneration eye disease [249]. Zinc can be also seen in infant food formula. For
example in a product by Nesle, Nan Pro Gold, average of 0.7 mg of zinc is fed to the
baby per 100 ml of food in the form of zinc sulphate [250]. There is another infant food
product by Locasol, which is designed for those with extreme restriction on calcium and
vitamin D. This composition contains 3 mg of zinc per 100 g of powder [251].
Obviously, only the purest ZnO, i.e. pharmaceutical grade, should be used in these

applications.

1.5.11. Zinc oxide in chemical synthesis

Zinc ferrite spinels, ZnFe,;04, are important sorbent materials for high-temperature
(up to around 700 °C) desulfurisation of coal gas. Catalytic grade of zinc ferrite can be
manufactured by calcination of a 1:1 mol ratio of zinc oxide and iron oxide mixture
[252]. The sulfur content of the desulfurised gas is usually lower than 10 ppm, which is
acceptable for use in the gas turbines in the power plants [253]. Soft Mn-Zn ferrites -
Mn,Zn(.xFe;O4 - and Ni-Zn ferrites - NiZng.Fe;Os4 - are also important
ferromagnetic materials for electronic applications such as transformers,
electromagnetic gadgets, antenna rods, magnetic recording heads, noise filters, choke
coils, information storage, medical diagnostic and biomedical devices and magnetic
amplifiers [254-256]. The term “soft” is used due to their low magnetic coercivity. Zinc
ferrites containing other elements such as Mg, Cu are also used in some electronic

application [257].

Zinc phosphate, Zn3(POy),, is used in corrosion-resistant paints for metal structures
and as a filler in the manufacture of vulcanisates to increase heat-resistance. It is also
used as an anti-galling agent in the couplings of drill strings for the oil and gas industry.
Zinc phosphate, which is insoluble in water, can be prepared by a reaction between ZnO

and phosphoric acid in an aqueous medium [258]. See Figure 1.36.
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Figure 1.36. PFD of production of zinc phosphate from zinc oxide.

Zinc borate (xZnO-yB,03:zH,0) is a white powder with low water solubility and

high dehydration temperature. It has applications in polymer compositions as a fire

retardant and as smoke suppressant and in the wood, textile and cement industries. (ZnO

is also considered a fire-retardant, for example in nylon 6,6 [201]). Zinc borate may be

prepared by a reaction between ZnO and boric acid in an aqueous medium at

temperatures around 90-100 °C [259, 260]. See Figure 1.37.
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Figure 1.37. PFD of production of zinc borate from zinc oxide.

Zinc dialkyldithiophosphates (ZDDPs) are oil soluble coordination compounds used
in the lubricant industry as anti-wear and anti-oxidant agents. Metal
dialkyldithiophosphates were developed by Herbert Freuler and patented in 1944 [261].
Zinc oxide plays an important role in the production of ZDDPs. First,
dialkyldithiophosphate is synthesised by reacting powdered phosphorous pentasulfide
(P,Ss) with alkyl alcohol, and then the dialkyldithiophosphate is neutralised by ZnO to
yield the zinc dialkyldithiophosphate [262].

Zinc diacrylate used in golf balls can be prepared by reacting acrylic acid with ZnO-

fatty acid mixture in a liquid medium [263].

Zinc stearate can be manufactured from zinc oxide and stearic acid. One application
for it is in the tire industry, where it may be used to dress the steel molds to assist with
release of the tire. It may also be added to the initial blend for the rubber, but generally

in far smaller quantities than ZnO itself.
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1.5.12. Miscellaneous applications

Zn0O in phosphors: Phosphors are compounds (mainly of the transition metals) that
luminesce with a characteristic output spectrum under certain conditions of optical
excitation. A phosphor known as ‘ZnO:Zn’ (JEDEC No. P-15) has been used for
decades in cathode ray tubes (CRTs) and other devices where an electron beam must be
converted to light (green in this case). ZnO may also be used as a precursor in the
manufacture of other phosphors, such as Zn28i04:Mn2+ (JEDEC No. P-1), which is used
as green phosphor in thin-film electroluminescence displays [10]. A blue-emitting
phosphor, (LigsGags)o.sZngsGayOq, for field emission devices (FED) applications was
manufactured from ZnO-Ga,03-Li,O system and showed a CL efficiency up to 0.2
LmW ' in the voltage range of 100600 V [264].

Smoke-producing devices: Military smokes are used to temporarily obscure objects
from visible or infrared observation. The fine airborne dispersion of liquid droplets or
particulate solids causes light to be scattered. Opacity, duration of effect, cost, toxicity
and dispersion properties of screening smokes are important factors in this field [201,
265]. Optimum scattering is obtained when the particle size of the aerosol is about the
same as the wavelength of light to be screened. Zinc oxide-hexachloroethane (HCE)
smokes are well-known in this industry. A typical composition contains aluminum
powder, ZnO and HCE that is labeled HC, type C by U.S. Army in which the ratio
(w/w) of ZnO to HCE is almost 1. All the constituents are in solid form and as a result
can be compacted in small volumes for applications such as smoke grenades, smoke
pots, and artillery shells. Reaction between HCE and ZnO forms zinc chloride-water
smoke. However ZnCl, smoke produced from this reaction is relatively toxic (even
more toxic than titanium-based smokes) and can cause severe respiratory symptoms

[265, 266].

ZnO in paper: Another niche application for ZnO is in specialised paper coatings,
high pressure laminates and wallpaper. It can improve the cohesive strength of paper
coatings [267]. High purity ZnO (such as the French process ZnO) has photoconductive
properties [157, 181]. It can also hold negative electrostatic charge, which can be
discharged when UV or deep blue radiation is applied. These characteristics were
formerly used in papers used for electrostatic photocopying. In this case, a coating of

ZnO mixture with a resinous binder was applied on the paper [181].
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Corrosion inhibition: A corrosion inhibitor is an additive to a fluid or gas that
decreases the corrosion rate of adjacent metallic structures. Zinc oxide as a cathodic
inhibitor slows the corrosion by inhibiting the reduction of water to hydrogen gas. For
example, in alkaline aluminum batteries, ZnO can inhibit the corrosion of aluminum

anode [268].

Polymer-modified-asphalt: Polymer-modified asphalts (PMAs) such as those
modified by incorporation of elastomeric polymers (e.g. polybutadiene) are used in
applications requiring improved physical and mechanical properties compared to non-
modified asphalt compositions. To prepare PMAs, activators and accelerators are
applied to accelerate the crosslinking reaction. Zinc oxide and mercaptobenzothiazole
(MBT) are conventional activator and cross-linking agent materials, respectively. ZnO

also controls the polymer tendency to gel [269].

Fungistat: Zinc oxide and its derivatives contribute effectively to the control of fungi
in many different types of applications. Zinc oxide is not a fungicide per se; rather it is a
fungistat; i.e. it inhibits the growth of fungi, such as mildew on the surface of exterior
house paints. Its fungistat effect increases with its surface area. ZnO inhibits the growth
of mycelium or the germination of spores. However it does not kill the spores or prevent
their germination after exposure to a more favorable environment. It can, however, be

added to fungicides for fortification to take advantage of its fungistatic property [270].

1.6. Potential and emerging applications

There are several emerging applications of ZnO in the area of electronics and
optoelectronics, driven by specific optical or electrical characteristics of this

semiconductor.

1.6.1. Liquid crystal displays (LCDs)

Transparent conductive oxides (TCOs) are currently used in a large variety of
consumer goods, including liquid crystal displays. In general, they are based on indium
tin oxide (ITO). However, there are concerns that indium resources will be insufficient

to service future growth and there is an active quest for alternative or cheaper materials.
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Zinc oxide films that have been doped with n-type dopants such as Al, Ga and In are
promising candidates to fill this requirement. These materials may be deposited by
magnetron sputtering, and are of special interest due to their high conductivity and

optical transparency, high thermal stability and relatively lower cost [10, 166, 271, 272].

1.6.2. Light emitting diodes (LEDs)

A large exciton binding energy is an important factor in the design of LEDs. Zinc
oxide, with the relatively high exciton binding energy of 60 meV, shows promise in
blue/UV light emitters. The field has recently been reviewed by Choi et al., [273]. A
challenge for the production of ZnO-based light emitters, however, is producing
reliable, low-resistivity p-type ZnO, a problem that is not yet resolved [9, 162, 273].
Zinc oxide is currently being explored for applications such as in UV lasers [154, 274],

in blue LEDs [154], and in organic LEDs [4, 10].

1.6.3. Spintronics

Dilute magnetic semiconductors are potentially important materials for spintronics
with proposed applications in, for example, integrated memory devices and
microprocessors. As described in Section 1.4.6, doped materials such as ZnO:Mn are of
interest because of their ability to exhibit ferromagnetism above room temperature. This
field is still in its earliest phases, however, and no significant commercial application of

semi-conductor spintronics has emerged yet [162].

1.6.4. Solar cells

Zinc oxide has a role in two disparate aspects of photovoltaic technology. First, use
of transparent, conductive ZnO in the front electrodes of solar cells can eliminate the
shadow effect related to metal-finger contacts and is also cheaper than the alternative
indium oxide electrodes [4, 10]. Secondly, n-type ZnO films may also be used within
the photovoltaic structure itself, for example as a tunnel junction in amorphous silicon

cells or as part of the p/n junction in Cu(In,Ga)(S,Se), cells [10].
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1.6.5. Sensors and actuators

The sensitivity of the electrical resistivity of ZnO to gases such as ethanol, acetylene,
CO, NO and NO; makes it potentially useful for sensing applications. A drawback,
however, is its poor selectivity [5]. Selective NOy sensing may be achieved by mixing
with other selective metal oxides such as Al,O3 and V,0s5 [275]. Zinc oxide nanowires
may be useful in room temperature sensing applications and, for example, a glucose

sensor based on ZnO nanorods has been reported [276].

The piezoelectric property of ZnO makes it suitable for applications in acoustic
microscopy, BAW, acousto-optic and SAW devices [277] for wuse in
telecommunications industries (e.g., in mobile phones and base stations), piezoelectric
sensors, or torque or pressure sensors in automotive industries. A SAW ZnO sensor has

been studied for its potential application in wine differentiation [278].

1.6.6. ZnO in textiles

The application of ZnO (produced by the wet chemical process) to fabrics such as
cotton and polyester may impart beneficial antimicrobial characteristics, enhanced
whiteness, resistance to UV radiation and anti-static properties [84, 279]. However,
large-scale application of ZnO in the textile industry has not yet occurred to our
knowledge. In any case, in our opinion the commercial penetration of such a product
into Organisation for Economic Cooperation and Development (OECD) markets will
very likely run into consumer concerns regarding the safety of nano-particles. While a
clear medical case can be readily made for use of ZnO or other nano-particles in a

product such as sunscreen, their use in consumer clothing might be a harder case to sell.

1.7. Conclusions

Zinc oxide has been an important industrial material for centuries and is currently the
subject of considerable new interest. It has a combination of physical properties (such as
relatively high electrical and thermal conductivity, optical absorption in the ultra-violet
and very high temperature stability), chemical properties (such as stability at neutral

pHs and mildly antimicrobial action), and techno-economic attributes (such a ready
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availability and reasonable cost) that have ensured its use in an exceedingly wide range

of industries.

Methods of production of ZnO have evolved continuously. The larger scale
pyrometallurgical processes produce crystalline ZnO powders for the rubber and other
large scale industries, but the niche applications are served by an extraordinary variety
of small-scale production methods, with the choice of technique matched to the end-use
properties required. There does not seem to be any feasible substitute at present for the
use of ZnO in rubber, and this application is likely to remain the dominant one for
decades to come. However, given the very versatile and useful nature of ZnO as a
material, it is possible that new and unanticipated applications for ZnO will arise and
become economically important. Current experience shows that the new applications
are as likely to be supplied by one of the smaller-scale production techniques described
here, as by the pyrometallurgical ones, so from a production point-of-view, the field

remains lively and interesting.

Although ZnO has been used in cosmetic and medical applications for thousands of
years, there has of late been a campaign in some countries within the OECD to alert the
public to its potential ‘toxicity’. Certainly ZnO is not totally inert, of course, and if it
was it would not be of value in many of its current applications that rely upon a small
but controlled degree of chemical reactivity. Nevertheless, the issue seems to be over-
rated in general. As shown here, more than half of all ZnO production goes into the
rubber of motor car tires, which gradually abrade away during use anyway. The urban
and roadside environment has therefore been well covered by now in particulate ZnO,

but that issue hardly rates any comment in the literature.

Zinc oxide has enjoyed a variety of uses over the last century, some of which (such
its use in photocopying) have appeared and then disappeared a few decades later in
quite a dramatic fashion. However, in our opinion the useful set of physical and
economic attributes of this material will ensure that it will continue to be considered for

an impressively diverse range of existing and future applications.
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Chapter 2: Single-Stage Process to Synthesise Zinc Oxide Using

Sodium Hydroxide*

In this chapter, the effect of reactant concentrations, temperatures and feeding
methods on the morphology of ZnO formed when reacting solutions of ZnSO,4 and
NaOH are examined. The catalytic effect of hydroxide in excess relative to the
stoichiometric ratio is considered. It is shown that, having fixed other reaction
conditions, the end-products, particle structures and size strongly depend on the mole
ratio of the precursors. The presence of zinc salt hydroxide species was confirmed at
sub-stoichiometric ratios in slightly acidic conditions. At the stoichiometric ratio both
zinc hydroxide and zinc oxide are formed, while only zinc oxide forms in an excess of
hydroxide. The method of feeding the reactants into the reaction vessel also has a strong
influence on the end-product properties, as does the reaction temperature. By control of
these parameters the specific surface area could be varied from 10 to 33 mz/g, the
particle shape could be varied from equiaxed, through to star-like and needle-like, and

the particle size may be varied from 50 to over 300 nm.

2.1. Introduction

As explained in Chapter 1, zinc oxide is an important material utilised in a diversity
of industrial, biomedical, cosmetic and scientific applications. High volume uses
include as an ingredient in rubber tires and as a pigment in corrosion-resisting paints. In
addition, it has a number of small volume, high-tech applications such as in gas sensors,
piezoelectric materials, transparent conducting oxide films, phosphors, UV blocking
agents, anti-bacterial ointments or catalysts [2, 3, 130, 280]. High-temperature, gas-
phase routes are currently the preferred method to produce ZnO particles for bulk
industrial use [24, 47], while hydrothermal techniques can be used to grow single
crystals suitable for some advanced applications [7]. However, a large number of low-
temperature wet-chemical methods are also possible and provide access to particles with

different structures and properties than those produced by gas-phase or hydrothermal

* A significant part of the work presented in this chapter has been published (see Moezzi, Cortie and
McDonagh, Dalton Trans. 40(18) (2011) 4871-4878).
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syntheses. In particular, precipitation reactions in unpressurised aqueous media offer

relatively low cost compared to other methods of synthesis.

The shape and size of zinc oxide crystals formed from aqueous solutions is quite
variable. A number of prior studies have investigated the aqueous-phase synthesis of
zinc oxide and the principles are now broadly understood [7, 139, 281-286]. However,
there is still considerable uncertainty regarding the possible role of zinc hydroxide in
this process, the mechanism by which the zinc hydroxide (if it forms) converts to zinc
oxide, and the factors effecting product morphology. There are conditions that evidently
lead directly to the precipitation of ZnO [281, 282] and others in which an intermediate
Zn(OH), phase has been demonstrated [281] or claimed [283]. It is observed that this
intermediate phase can convert to ZnO by the mechanism of dissolution-precipitation
[139] or by solid state transformation [281, 283]. There is evidently also an interplay
between kinetics and thermodynamics in these processes. For example, it is claimed
[287] that zinc hydroxide can be precipitated at room temperature from a system of Zn*"
and OH . However, at higher temperatures ZnO is always the more likely end product
[284, 287, 288]. Other studies have examined the very significant effects of process
variables such as stirring, temperature or pH on the identity and morphology of the

product [139, 281, 284].

Here a comprehensive analysis of the effect of critical reaction parameters on the
morphology of the ZnO particles prepared in the H,0/Zn*"/OH™ system at temperatures
less than 90 °C is provided. Importantly, an understanding of the mechanisms and
phenomenology of formation provide a means to control the shape and size of ZnO

particles produced by this route.

In aqueous environments, the following reactions are the main contributors to the

formation of zinc oxide [289-292]:

2+ - +
In(,g) + OHg) = Zn(OH) g 2.1
Zn(OH) g + OHggy = Zn(OH); () 2.2
ZH(OH)Z (s) = Zn(OH)Z(aq) 2.3
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Zn(OH); (aq) + OHg) = Zn(OH)3 (g 2.4
Zn(OH)3 o) + OHQq) = Zn(OH){ g 2.5
Zn(OH); (aq) — ZnOgsy + H,0q, 2.6
Zn(OH); sy = ZnO() + H,0(, 2.7
Zn(OH)3 (aq) = ZnO(s) + H;0() + OH,q 2.8
Zn(OH)3 . = ZnO(y + H,0qy + 20H,q 2.9

These reactions are primarily governed by the pH of the system. Equations 2.1 to 2.5
describe the formation of zinc hydroxide complexes. The species formed in Equation
2.1 is shown as Zn(OH)" for clarity, but a zinc hydroxide salt complex with the general

formula of Zn, (OH),(X7) (2a-b)/c * NH,0 (wWhere X may be, for example, CI~, NO3,

CO2%~, CH3CO0™ or SO37) is often produced [293] when the concentration of OH™ is
less than that required to produce Zn(OH),. These zinc hydroxide salt complexes vary
in solubility depending on the anion, X. When the OH : Zn*" molar ratio is 2 : 1
(Equation 2.2), the reaction product is Zn(OH), [294, 295]. Zn(OH), has low solubility
in water (K, = 3.5 <1077 at 25 °C) [284, 290] and is stable, for example it has been
reported to remain unchanged after six months in water at room temperature [296].
Equations 2.4 and 2.5 indicate that if more hydroxide is added, soluble higher-order
hydroxo-complexes of zinc may be formed. Importantly, these can decompose to ZnO,

releasing hydroxide ions and water (equations 2.8 and 2.9).

The solubility of the zinc-containing species is an important consideration in the
pathway to the formation of ZnO. The fraction of zinc species such as Zn'(,),
Zn(OH)" (4), Zn(OH)(4g), Zn(OH)3 () and Zn(OH)% ™, in solution varies over a range
of pH at 25 °C [287, 289, 290]. In acidic conditions (pH<6), Zn*" is the main ion
present in solution, in neutral to slightly basic conditions most Zn is present as solid
Zn(OH); or ZnO, which both have very low solubility products in this range of pH,
while at pH=12 or above, the main zinc species is Zn(OH)3~ [297]. In such alkaline
conditions precipitation of ZnO does not occur due to the stability of Zn(OH)3 ™, ions
[139, 298] according to Equations 2.4 and 2.5. The relatively low solubility of Zn(OH),

and ZnO over the range of intermediate pHs is an important aspect of the present work.
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Seven crystal forms of Zn(OH), have been reported with &-Zn(OH), the most stable
[288, 289, 292]. Because of the relative stability of solid Zn(OH),, it is important that
this species is either avoided or re-solubilised if timely formation of the even more
stable solid ZnO is to be achieved. Polynuclear zinc complexes such as Zn, (OH)3* ),

Zn,(OH)2™ 4, and Znu(OH)%* ) may also be present at high total zinc concentrations

[289].
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Figure 2.1. Thermodynamic parameters for the reaction of solid e-Zn(OH), to solid
ZnO and H,0. The values are computed from the standard states at 298 °K at 1

atmosphere using the specific heat capacities from reference [287].

Temperature also plays an important role in the synthesis of nanoparticles by
changing the kinetics of the above-mentioned precipitation reactions. The
decomposition of solid zinc hydroxide to ZnO and H;O() is endothermic at room
temperature [299] (AH = +9.11 kJ/mol using the data of Goux et al., [287]) but AG is
slightly negative (AG = -1.7 kJ/mol). Values of the thermodynamic parameters can be
calculated at other temperatures from knowledge of the specific heat capacities and are
plotted in Figure 2.1. Clearly, the conversion of Zn(OH), to ZnO will be increasingly
favored at higher temperatures, both from a free energy and a kinetic perspective [288].
In this chapter, the interplay of these reaction parameters is reported and their effect on
the properties of zinc-containing products using aqueous reaction conditions at

temperatures less than 90 °C and at atmospheric pressure are examined.
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2.2. Experimental
2.2.1. General

Zinc sulphate heptahydrate (AR grade) and sodium hydroxide pellets (AR grade)
were purchased from Ajax Chemicals and used as-received. French process zinc oxide
was provided by PT. Indo Lysaght, Indonesia. Milli Q water (18.2 Q cm™) was used as
the solvent. Reactions were conducted under atmospheric conditions using a two-neck
round bottom flask with a digitally-controlled magnetic heater / stirrer. A magnetic
stirrer bar was used at a stirring rate of 820 rpm. Precipitates were isolated by
centrifugation at 4400 rpm followed by drying using a rotary evaporator at 70°C, unless

otherwise stated.

X-ray diffraction data of powder samples were collected using a Siemens D5000 X-
ray Diffractometer with a graphite post monochromator with the following parameters:
wavelength 1.5406 A (Cu Ka), tube power 1.6 kW (40 kV at 40 mA), step size = 0.02 °,
time per step = 2 s, divergent slit = 1 °, receiving slit = 0.02 mm, scan angle range = 3—
80 °. Scanning electron microscopy images were obtained using a Zeiss Supra 55VP
SEM operating in high vacuum mode. An accelerating voltage of 5-20 kV was used

with 10-30 um aperture and images were obtained using an in-lens secondary detector.

Thermogravimetric analysis (TGA) experiments were performed using a TA
Instruments SDT 2960 with simultaneous DTA-TGA. A heating rate of 5 °C min™ was

used in a nitrogen atmosphere.

BET specific surface area measurements were performed using an Autosorb-1 from
Quantachrome Instruments by a precise vacuum volumetric method for nitrogen

chemisorption. Multi-point (5 points) measurement was conducted on each sample.

Fluorescence spectrometry experiments were performed at room temperature to
record the fluorescence emission spectra of powder samples using a Varian Cary
Eclipse with an excitation slit width of 5 nm and emission slit width of 5 nm. Both

excitation and emission filters were used to screen higher order wavelengths.

Thermodynamic data for the formation of ZnO from Zn>" and OH™ were calculated
for reactions at 298 K and 1 atm. Standard enthalpies and Gibbs free energies of the

reactions were calculated using the available thermodynamic data [89, 289]. The
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solubility product for ZnO was obtained from reference [291] and that of Zn(OH), from
reference [290].

2.2.2. Reactant stoichiometry
Aqueous solutions of ZnSO4 7H,O (30ml, 0.05M) and NaOH (30 mL) with
concentrations from 0.1 M to 0.3 M were prepared.

Table 2.1. Zinc sulphate to sodium hydroxide mole ratio. The pH of the resultant

mixtures after reaction was in the range of 11 to 12.

Reaction A B C D E F G H

Zn>" : OH mole ratio 1:2 1:23 1:2.5 1:3 1:3.5 1:4 1:5 1:6

Table 2.1 shows the concentration of NaOH for each of the reactions A to H. For
each of these experiments, the NaOH solution was added dropwise to the zinc sulphate
solution over 3 minutes. The total volume of the reaction solution for each experiment
was identical. After two hours of reaction at room temperature, the various precipitates

were collected and washed with water and dried at 70 °C under reduced pressure.

A separate reaction using zinc sulphate and sodium hydroxide was conducted where
the OH : Zn®" mole ratio was only 1.1 : 1. An aqueous solution of zinc sulphate
heptahydrate (30 mL, 0.1 M) was added to a sodium hydroxide solution (33.5 mL,
0.1M) in a single step and the reaction maintained at room temperature for 15 minutes.
The resultant white precipitate was separated, washed and dried at 60 °C under reduced

pressure.

2.2.3. Method of combining the reactants

Aqueous solutions of ZnSO4-7H,0 (30 mL, 0.05M) and NaOH (30 mL, 0.2M) were
prepared. The reaction temperature was maintained at 70 °C for 2 hours. The reactants
were combined using each of the following four procedures: (1) the sodium hydroxide
solution was added to the zinc sulphate solution in a single step; (2) The sodium

hydroxide solution was added to the zinc sulphate solution in a drop-wise manner over
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3 minutes; (3) The zinc sulphate solution was added to the sodium hydroxide solution in
a single step; (4) The zinc sulphate solution was added to the sodium hydroxide solution

in a drop-wise manner over 3 minutes.

2.2.4. Reaction temperature

Experiments were performed with the reaction temperature maintained at 25 °C, 30
°C, 40 °C, 45 °C, 50 °C, 55 °C, 60 °C, 65 °C, 70 °C, 75 °C, 80 °C, 85 °C and 90 °C. In
each case, an aqueous ZnSQO4-7H,0 solution (30 mL, 0.05 M) was added to an aqueous
NaOH solution (30 mL, 0.2 M) in a single step. The reaction mixtures were stirred for

two hours after which the precipitate was separated and washed.

2.3. Results and Discussion

In the current work, the variation of several reaction parameters on the resultant zinc-
containing particles was investigated. The reaction parameters varied were: (i) the
stoichiometry of the reactants, (ii) the method of combining the reactants, and (iii) the

effect of reaction temperature.

2.3.1. The effect of reactant stoichiometry

To examine the effect of the stoichiometry, the mole ratio of ZnSO4 : NaOH was
varied from 1:2 to 1:6, and the NaOH added drop-wise as described in the Experimental
section. This range covers mole ratios from the stoichiometric ratio (1:2, Reaction A)
required to convert Zn>" to ZnO (Equation. 2.10) to an excess of NaOH of three times

the stoichiometric ratio (1:6, Reaction H).

angq) + 20HG,q) = ZnO) + H,0(, 2.10

The XRD patterns revealed that the products of Reactions A and B contained a
mixture of &-Zn(OH), and ZnO (see Figure 2.2). This indicates that at the
stoichiometric ratio, or very close to it, significant amounts of Zn(OH), remain after 2
hours reaction time. However, increasing the mole ratio of OH : Zn*" from 2 : 1

(Reaction A) to 2.3 : 1 (Reaction B) leads to a significant decrease in the XRD signal
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intensity for e-Zn(OH), compared to ZnO. The products of the reactions with even

larger mole ratios of OH™: Zn>* (2.5 : 1 and above) contained ZnO only (see Figure 2.2
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Figure 2.2. X-ray diffraction data obtained from the products of reactions A, B and

C. The diffraction pattern for product C corresponds to pure ZnO (wurtzite). The peaks

assigned to ZnO are indicated by * in the data for A and B. Other peaks in A and B

correspond to &-Zn(OH),.
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Figure 2.3. XRD on the products of reactions (D) to (H) shows patterns, which

conform with zinc oxide.
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Figure 2.4. Thermogravimetric analysis data for the products of Reactions A, B and

C. Heating rate was 5 °C min’ in an N, atmosphere.
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Figure 2.5. TGA comparison charts on the products of reactions (C) to (H) shows no

decomposition at 120 °C. Mass loss up to the temperature of 120 °C is attributed to

moisture removal and the mass loss over 120 °C is attributed to surface hydroxyl groups

removal.

TGA data (see Figure 2.4 and Figure 2.5) obtained for the reaction products are

consistent with the XRD data. For each of the reaction products, gradual mass loss up to

a temperature of 120 °C is attributed to the loss of unbound H,O [115]. The data for the

products A and B then show a rapid mass loss occurring at 120 °C due to the loss of
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H,0 associated with the decomposition of Zn(OH); to ZnO and H,O [300]. The amount
of Zn(OH), present in the product of Reaction B was estimated from the mass loss to be
20% of the total, which is significantly less than that from Reaction A, which was
estimated to be 48%. No similar rapid mass loss at 120 °C was observed for the
products of reactions C to H, which is consistent with the XRD data that show zinc

oxide is the only species present in those samples.

{ : N [
Y an X >

Figure 2.6. SEM images of the products of reactions A (left) and B (right): From
reaction (A) smaller ellipsoidal particles are formed on top of the big plate-like
structures. In (B), plate-like structures cannot be detected and smaller star-like particles

are dominant.

As well as affecting composition, the stoichiometry of the reactants also had a
significant effect on the structures of the resultant particles. Scanning electron
microscopy (see Figure 2.6) revealed that the product of Reaction A is composed of
plate-like structures mixed with ellipsoidal particles. The product of Reaction B is
composed mainly of smaller well-separated particles with the particles size in the range

of 100 - 200 nm.

Figure 2.7 shows the effect of increasing the OH : Zn*" mole ratio from 2.5: 1 t0 6 :
1. Smaller, rounder particles are produced by reactions C and D while reactions G and
H produce sheet-like particles. Reactions E and F yield a mixture of the small, round
particles and the sheet-like particles. XRD data show that in each case the particles have

the wurtzite structure.
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Figure 2.7. SEM images of ZnO particles produced by the reactions C to H.

In Reactions C to H, the XRD data show diffraction patterns arising from ZnO only.
This indicates that the larger excess of hydroxide ions (relative to Reaction B) drives the
reaction to completion within 2 hours. The higher the OH : Zn>" mole ratio, the sooner
the conversion of any Zn(OH), present to ZnO is complete and, therefore, the more time
available in the reactor for coarsening of the ZnO crystals by the equilibrium
dissolution/re-crystallisation processes in the solid-liquid system [282]. The particle-
shape transformation from small and round particles to sheet-like structures was

attributed to this mechanism.

To examine the effect of sub-stoichiometric mixtures, the OH™ : Zn>* mole ratio was
fixed at 1.1 : 1 (pH = 6) and the reaction conducted as described in the Experimental
section. Interestingly, in this case the precipitate was shown by XRD to be zinc
hydroxide sulphate tetrahydrate (ZnsSO4(OH)s-4H,0), see Figure 2.8. TGA revealed a
mass loss of 37.5% up to 1000 °C, which is consistent with the decomposition of
Zn4SO4(OH)s-4H,0 to ZnO, with the complete transformation to ZnO requiring a
temperature of 900 °C (see Figure 2.9).
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Figure 2.8. XRD associated with zinc hydroxide sulphate tetrahydrate,
Zn4S04(OH)4-4H,0 (JCPDF card 00-044-0673).
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Figure 2.9. TGA on the as-produced ZnsSO4(OH)s-4H,0.

2.3.2. Method of combining reactants

The effect of the method of combining the reactants was investigated by altering the

order and rate of addition of the zinc sulphate and sodium hydroxide solutions. This
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seemingly straightforward procedure has significant implications for laboratory and
industrial applications of these reactions. With each experiment, XRD measurements
revealed diffraction patterns consistent with ZnO with a hexagonal wurtzite structure for
each of the four routes tested and no diffraction peaks for any other materials were

detected, see Figure 2.10.
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Figure 2.10. XRD data of the reaction products prepared at 70 °C using different
feeding methods: (a) NaOH solution added to ZnSOj4 solution in a single addition; (b)
NaOH solution added to ZnSO4 solution in a dropwise manner; (c) ZnSO4 solution
added to NaOH solution in a single shot; (d) ZnSO;, solution added to NaOH solution in

a dropwise manner.

SEM images obtained for the reaction products are shown in Figure 2.11.
Interestingly, the morphology of the ZnO particles differs significantly depending on
the process used. When the NaOH solutions were added to the ZnSO, solutions, either
in a single addition or in a dropwise manner, the resultant particles are quite spherical
and small, Figure 2.11 (a) and (b), with an average primary particle size of ~50 nm.
Quite different particle morphologies were obtained when the addition method was

reversed. With a single addition of ZnSO, solution to NaOH solution, irregular, conical
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particles with an average particle size over 200 nm are formed (Figure 2.11 (c)). Upon
dropwise addition of ZnSO, solution to NaOH solution, clusters of star-shaped ZnO

‘flowers’ were generated (Figure 2.11 (d)).

Figure 2.11. SEM images of ZnO particles produced at 0 °C with different feeding
methods. (a) NaOH solution added to ZnSO4 solution in a single addition; (b) NaOH
solution added to ZnSQy solution in a drop-wise manner; (¢) ZnSQO4 solution added to
NaOH solution in a single addition; (d) ZnSO4 solution added to NaOH solution in a

drop-wise manner.

BET specific surface area measurements showed that in the case of the single
addition of NaOH solution to ZnSO4 solution, the surface area of the ZnO precipitate
was 32.1 m?%g. By drop-wise addition of NaOH solution to ZnSO, solution, the
precipitate surface area drops to 25.9 m*/g. The star-shaped crystals formed by adding
ZnSOy solution to NaOH solution in a drop-wise manner had a specific surface area of
only 9 m?*/g. However, the irregular conical crystals formed by adding ZnSO4 solution
to NaOH solution in a single shot had a specific surface area of 22.6 m?/g. Clearly these
have a greater degree of porosity than their conical shape would imply.
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These experiments show that the method of combining the reactants can have a
significant effect on the particle structure. In the case where a NaOH solution is added
to the ZnSO, solution in a single addition, the amount of hydroxide passes the
stoichiometric ratio very rapidly and zinc hydroxide species are formed followed by
decomplexation to give ZnO in a short time. The number of nucleation sites for particle
growth would therefore be large and this case results in ~50 nm round particles. When
the NaOH solution is added to a ZnSO;, solution in a drop-wise manner, the reaction
passes slowly through the sub-stoichiometric conditions, which can result in the
formation of ZnsSO4(OH)s-4H,0 until the mole ratio of ZnSO,4 : NaOH reaches at least
1:2. At this mole ratio, substitution of sulphate ions with hydroxide ions will occur.

Upon further addition of hydroxide, the reaction continues to completion.

On the other hand, significant changes in the particles are observed by reversing the
order of addition. In these cases, the formation of zinc hydroxide sulphate complexes do
not occur as OH’ is in considerable excess at all times during the reaction. In the single-
step addition of a ZnSO4 solution to a NaOH solution, the reaction appears to proceed
rapidly from soluble zinc complex to formation of ZnO nuclei. Fewer nuclei are formed,
and these lead to the growth of the ~200 nm big conical particles. Interestingly, by drop-
wise addition of the ZnSO, solution to a NaOH solution, clusters of ZnO star-like
particles dominate and the surface area drops dramatically in comparison. In the early
stages of addition, the mole ratio of ZnSO4 : NaOH is very small and therefore the
higher-order hydroxy-complexes of zinc form rapidly followed by decomplexation to
form ZnO nuclei. Since in all stages of addition OH™ was in excess, the excess of
hydroxide catalyses the formation of ZnO (see below). At the same time, ZnO formed
tends to grow on the limited number of ZnO nuclei formed in the early stages of the
reaction. Thus, highly crystalline clusters of ZnO flowers with a relatively low specific

surface area are formed.

2.3.3. The effect of temperature

In these experiments, the mole ratio of ZnSO4 : NaOH was fixed at 1 : 4 and the
ZnSOy4 solution was added to the NaOH solution in a single step as described in the
Experimental section. XRD patterns of the products showed only ZnO with the
hexagonal wurtzite structure (Figure 2.12).
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Figure 2.12. XRD shows ZnO hexagonal wurtzite structure for all the samples made
at different temperatures from 25 °C to 90 °C.

Figure 2.13 shows that the morphology of ZnO synthesised is sensitive to the
reaction temperature. At room temperature, irregular and sharp particles including
needle-like particles in the agglomerated form are dominant. Increasing the temperature
to 40 °C causes the sharpness of the aggregates to decrease and both plate-like and star-
like particles can be observed. By 45 °C, star-like particles are dominant. Average
particle size has decreased relative to that of reaction at 40 °C. Further increase in the
temperature to 90 °C results in the particles systematically becoming more equiaxed
(sphere-like), less star-like, and smaller. By 90 °C the particles are about 100 nm in
diameter, which is about a third or so of the diameter of particles produced at 45 °C.
Increasing the reaction temperature has two effects: an increase in the formation of
nuclei - which would promote smaller particles in the end-product [287], and a faster
rate of decomposition of zinc-hydroxo-complexes to ZnO, which results in the growth
and coarsening of end-products. In this case, however, the increased rate of nucleation
seems to dominate as the temperature of the reaction is increased in this series of
reactions. The overall trend in BET specific surface area with temperature (Figure 2.14)
is upwards, in support of the observation that particle sizes decrease as the temperature

of reaction is increased.
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Figure 2.13. SEM images of ZnO particles synthesised at different temperatures.
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Figure 2.14. BET specific surface area (m?/g) vs. reaction temperature in the range
of 25 to 90 °C. The trend line shown was obtained by polynomial regression and is

provided as a guide to the eye.

Factors other than an increased rate of nucleation may also contribute to the change
in morphology with temperature. In particular, the stability of the soluble zinc hydroxy-
complexes decreases as the temperature increases, which leads to more ZnO
precipitating from the solution phase. Increasing the temperature from 25 °C to 90 °C
decreases the amount of soluble zinc species almost by one order of magnitude, which
results in more precipitation by almost one order of magnitude accordingly [284].
Another consideration is that decomplexation reactions of soluble Zn(OH)3; and
Zn(OH)%™ to ZnO are slightly endothermic, so that increasing the solution temperature

favors the precipitation of ZnO.

2.3.4. Fluorescence spectroscopy

RT fluorescence emission spectra on the commercial ZnO sample produced by the
French process and the three powder samples produced from the wet-chemical reaction
(where the zinc sulphate solution was added to the sodium hydroxide solution in a drop-
wise manner over 3 minutes according to Section 2.3.2 and two samples produced at 60
°C and 80 °C from the reactions explained in the Section 2.3.3) were recorded. The
fluorescence spectra of the powder samples are shown in Figure 2.15.
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Figure 2.15. RT fluorescence emission spectra of ZnO powder samples: French
process ZnO; (I) ZnO product where the zinc sulphate solution was added to the sodium
hydroxide solution in a drop-wise manner over 3 minutes according to Section 2.3.2;
(IT) and (IIT) ZnO products from reactions at 80 °C and 60 °C according to Section
2.3.3, respectively. Excitation wavelength = 310 nm, excitation slit width = 5 nm (little

steps at 460 and 570 nm are artefacts due to filter changes).

Relatively intense emission at around 388 nm and a broad emission with a maximum
centred at around 587 nm has been reported previously. The green emission band
centred at around 587 nm is thought to be related to the defects in the ZnO crystal such
as oxygen vacancies [301]. Additional emissions such as the one at 420 nm are also
seen in some cases. Nature of these emissions is still under debate. These might be
attributed to particle size and/or zinc interstitial defects [302]. Nevertheless emission at
420 nm may also be related to presence of zinc sulfide surface particles that may form
by the reaction of sulphurous gases in the atmosphere with ZnO. The emission peak at

420 nm is a characteristic of ZnS [303].
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Here wet-chemically made ZnO powders were compared with the French process
ZnO powder in terms of emissions after being excited at 310 nm. It was demonstrated
that the method of production of zinc oxide makes significant changes in room
temperature fluorescence emission spectra of the products. The powder made by the
French process shows an intense emission at around 383 nm (near-UV band) when
excited at 310 nm. Corresponding emission of the wet-chemically made powders is
composed of more than a single peak. The most intense peaks are centred at near-UV
band. A decrease in intensity of these emissions is observed for the powders made from
the wet-process reaction relative to that of the French process powder. The green
emission band can be observed only in the wet-chemically made powders. It can also be
noticed that the ratio of the band-gap to green emission band decreases from the French
process ZnO to the wet-process powders. Apart from the band-gap and green emissions,
emissions located at ~420 nm in the violet region can be observed for all samples. This
emission for the wet-process zinc oxide samples is relatively more intense than that of

the French process powder.

2.3.5. The catalytic effect of OH

The dramatic change in the ratio of zinc hydroxide to zinc oxide upon proceeding
from Reaction A to Reaction C was attributed to the presence of hydroxide ions in
excess of the stoichiometric ratio. It appears that hydroxide ions may have a catalytic
effect on the transformation of zinc hydroxide to zinc oxide. To examine the pathways
that result in the formation of zinc oxide in aqueous systems, standard enthalpies and
Gibbs free energies were calculated for a number of reactions (see Scheme 2.1).
Thermodynamic calculations show that the Gibbs free energy for all the reactions

leading to zinc oxide is negative.

Starting with aqueous Zn>" ions (or more formally Zn(H,0)%*, which are slightly
acidic in nature [284, 289]), addition of a sub-stoichiometric amount of OH™ initially
gives the Zn(OH)" species. Formation of cationic species such as Zn(OH)", Zn,(OH)*",
Zn,(OH)3" in acidic or near-neutral solutions has been reported [289] although a zinc
sulphate hydroxide species also forms in the present case, as discussed separately
below. Addition of a second hydroxide ion results in the formation of Zn(OH),, which

has low solubility in water (K, = 3.5 X 107 at 25 °C) [284, 290]. Crystalline e-Zn(OH);
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is thermodynamically metastable with respect to crystalline ZnO at 25 °C with AG, =
—4.07 kJ.mol™! (see dotted line in Scheme 2.1) but the rate of transition of solid &-
Zn(OH), to ZnO is negligible at ambient temperature [289, 296] as the solid state
reaction is endothermic (AH, = +5.62 k]. mol~! if the data of Zhang and Muhammed
are used [289]). AG, for the transformation of aqueous zinc hydroxide to zinc oxide and
water is negative but the rate of this reaction in these experiments is small due to the
low solubility of zinc hydroxide. Solid zinc hydroxide has been reported to remain
unchanged after six months in water at room temperature; at 65 °C no significant
change was observed up to three weeks, at 75 °C conversion was less than 10% in three

weeks but at 100 °C the zinc hydroxide formed ZnO in less than one hour [296].

The addition of hydroxide in excess relative to the stoichiometric ratio contributes to
the solubilisation of crystalline zinc hydroxide by formation of soluble hydroxo-
complexes of zinc (Equations (2.4) and (2.5)). These complexation reactions followed
by decomplexation (Equations (2.8) and (2.9)) are the main contributors to the room
temperature formation of ZnO in the current work. The driving force for the
precipitation of ZnO from higher-order hydroxo-complexes of zinc is the
thermodynamic instability of such complexes with respect to ZnO. Importantly,
hydroxide ions are returned to the reaction mixture upon formation of ZnO, thus
producing a catalytic effect. After completion of the reaction, the system is basic and the
only product is stable crystalline ZnO (in equilibrium with soluble ZnO) as well as
water from the reaction. Increasing the hydroxide concentration over the stoichiometric

ratio also considerably accelerates the rate of reaction.
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Scheme 2.1. Thermodynamic data for the formation of ZnO from Zn*" and OH™ at 298 °K and 1 atm. Standard states have been assumed. For

consistency, data from Zhang and Muhammed were used [289].
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2.4. Conclusions

The morphology of ZnO and Zn(OH), precipitates formed from ZnSOj, solutions is
acutely sensitive to the pH, temperature and method by which the reactants are mixed.
For molar ratios of ZnSO4 to NaOH between 1 : 1 and 1 : 2.5 the precipitate that forms
first is Zn(OH),. In aqueous conditions Zn(OH); is converted to ZnO by a hydroxide-
catalyzed process, with the process accelerating as pH is increased. A basic zinc
sulphate is precipitated when the ratio is below 1 : 1 while no precipitate is formed if
sufficient base is present to raise the pH above 12 and solubilise the Zn as Zn(OH);™.
The order of additions is also an important parameter. If small nanoparticles are desired
then it is essential to add the NaOH into the ZnSO, precursor. This ensures that prolific
nucleation of Zn(OH), particles occurs because conditions become favorable for
precipitation almost immediately. When the addition is done in the opposite sense (i.e.
ZnS0Oy into NaOH) fewer nuclei are formed and the final particles are larger and more
crystalline because the initial conditions favor formation of soluble complexes rather
than precipitates. In general, it appears that the Zn(OH), converts to ZnO, with the rate
of the process increased by both temperature and pH. A comparison between the RT
fluorescence emission spectra of some of the wet-process ZnO powders and the French
process ZnO powder demonstrates significant effects of change of the method of
production on the emission pattern of zinc oxide powders. The green emission band,
which is correlated with structural defects of various kinds, can only be observed in the
wet-chemical grades while their band-gap emission is relatively smaller than that of the

French process one.
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Chapter 3: A Single-Stage Process to Synthesise Zinc Oxide Using

Ammonia

3.1. Introduction

In the previous chapter, production of ZnO by a single stage wet-chemical method
using zinc sulphate and sodium hydroxide has been discussed and role of hydroxide
ions on precipitation of zinc oxide in the H,O/Zn*"/OH system at temperatures less than
90 °C has been revealed. The work presented in this chapter was performed to
investigate the effect of change of the alkaline reagent to ammonia on the properties of

the product.

Here the NH3/H20/Zn2+/OH' system was considered and it was shown that the
mechanism of the reaction and morphology of the particles changes by involvement of

the ammonia in the system.

¥ complexes are also generated in aqueous solution that coexist

Here, zinc- ammine
with the zinc hydroxy-complexes described in the previous chapter. The system is
thermodynamically more complex as a result of presence of new complexes. Some of

the reported zinc-ammine complexes in the aqueous system are Zn(NHg)%;q),
Zn(NH3)§*('aq), Zn(NH3)§‘an) and Zn(NH3)i‘an) [285]. Presence of these zinc-ammine

complexes has been reported to have influence on the morphology of the ZnO products
[304]. Temperature also plays an important role for the solubility of ZnO in ammoniacal
solutions. Increasing the temperature unexpectedly decreases the solubility of ZnO in
such solutions. This means that for the precipitation of ZnO, higher temperatures are
more favourable [285]. Transition between zinc-ammine complexes to zinc-hydroxy
complexes seems to have a role in the precipitation of zinc oxide from ammoniacal

solutions [285].

In aqueous ammoniacal environments, apart from the Reactions 2.1 to 2.9 described
in the previous chapter, the following reactions can also be involved in the formation of

zinc oxide [99].

§ “ammines” are aqueous complexes of metals that contain NH;. They are different to “amines”,
which are organic molecules.
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NH; - H;0(q) = NHj g + OHgg 3.1
ZnZfy + nNH;z = [Zn(NH3),]%h) (Where n=1to 4) 3.2
[Zn(NH3)4]%4q) + 40HGq = Zn(OH)] aq) + 4NH; (aq) 33
[Zn(NH3)4] g + 30HGg) = Zn(OH)3 5q) + 4NH; (aq) 34
[Zn(NH3)4]%4q) + 20HpGg) = Zn(OH); aq) + 4NH; (aq) 3.5
[Zn(NH3)4]%4q) + 20HGq = Zn(OH); (or) + 4NHj (a) 3.6

Equation 3.1 shows the hydrolysis equilibrium of ammonia. The concentration of
ammonia controls the amount of the hydroxide in the system and subsequently the pH
of the environment, and also influences the formation of zinc-ammine complexes
according to Equation 3.2. The fraction of each zinc species in solution is pH and
temperature dependent [285]. In ammoniacal solutions, at room temperature and at the
pH range of 8 to 11, Zn(NH3)%* is the dominant species in solution. As the temperature
increases, the pH range associated with the presence of Zn(NH;3)3* fraction shrinks and
shifts towards lower pH [285]. Zinc-ammine cations in the presence of hydroxide
anions in the system (due to Equation 3.1) can then undergo transformation to the zinc-
hydroxy species by releasing ammonia in solution according to equations 3.3 to 3.6 [99,
285]. In this chapter, the role of ammonia in the formation of zinc-containing materials
has been examined. The properties of the zinc oxide made from this method have been
investigated and the mechanism by which the precipitation reactions occur was

investigated.

3.2. Experimental

Zinc sulphate heptahydrate (AR grade) and ammonia solution 28% (AR grade) were
purchased from Ajax Chemicals and used as-received. Milli-Q (18.2 Q cm™) water was
used as the solvent. The reaction was conducted under atmospheric conditions using a

two-neck round bottom flask equipped with a condenser with a digitally-controlled
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magnetic heater/stirrer. A magnetic stirrer bar was used at a stirring rate of 700 rpm.
Aqueous solutions of ZnSO4-7H,0 (31 mL, 0.05M) and ammonia (30 mL, 0.2M) were
prepared. The reaction temperature was maintained at 65 °C. Ammonia solution was
added to the flask and allowed to reach thermal equilibrium. The zinc sulphate solution
was added to the ammonia solution in a drop-wise manner over 3 minutes. The reaction
continued for 2 hours under stirring. Then the system was allowed to cool down and
kept still overnight to settle. The precipitates were isolated by vacuum filtration

followed by vacuum drying at room temperature.

X-ray diffraction, thermogravimetric analysis (TGA), scanning electron microscopy,
fluorescence spectrometry experiments and BET specific surface area measurement

experiments have been done as in the previous chapter.

3.3. Results and Discussion

In this chapter, the reaction between zinc sulphate and ammonia was investigated to
indicate the role of ammonia in place of sodium hydroxide as the alkaline reactant to
precipitate ZnO. A comparison has been done between the materials formed using

similar methods of synthesis via the NaOH route and ammonia route.

3.3.1. Characterisation and thermogravimetric analysis

The product of the reaction was identified by XRD to be ZnO, Figure 3.1. TGA data
(Figure 3.2) on the ZnO made from the wet-chemical reaction between zinc sulphate
and ammonia shows a mass loss around 4.5% when heated to 1000 °C. Similar to what
was shown in the previous chapter (Figure 2.4 and Figure 2.5), a gradual mass loss up
to a temperature around 120 °C is attributed to unbound water and, over this
temperature, further mass loss is attributed to the liberation of surface hydroxyl groups.
It can be seen that wet-chemically made zinc oxides contain significant amount of
embedded contamination, which can be released by heating. The surface hydroxyl

groups are quite stable up to temperatures around 800 °C.
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Figure 3.1. X-ray diffraction data obtained from the product of reaction between
zinc sulphate and ammonia correspond to pure ZnO (wurtzite), JCPDF card 01-089-
7102.
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Figure 3.2. TGA on the ZnO product. Mass loss up to the temperature of 120 °C is
attributed to moisture removal and the mass loss over 120 °C is attributed to removal of

surface hydroxyl groups.

3.3.2. Microscopy and BET surface area measurement

SEM images of the ZnO particles, which have a prism-like structure, are shown in
Figure 3.3. Since the zinc sulphate solution is added to the ammonia solution in a drop-
wise manner, it is believed that the number of nuclei in the early stages of the addition
is small. Few ZnO seeds are formed by ammonia-disengagement/dehydroxylation
process. Then, upon addition of more zinc sulphate into the solution, more ZnO is
formed and grows on the nuclei available in solution. This results in the formation of
highly crystalline prism-like clusters. The mechanism is similar to the one explained in

Section 2.3.2. However by comparing (Figure 2.11, d) and (Figure 3.3), it is obvious
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that the change of the reactant from NaOH to ammonia significantly affects the

morphology of the zinc oxide clusters.

Figure 3.3. SEM images of zinc oxide crystals produced at 65 °C by feeding the zinc

sulphate in a drop-wise manner to the ammonia solution.

BET specific surface area measurement showed that ZnO made by this method has a
specific surface area of only 7.3 m?/g, which is very similar to that of the product made
by adding ZnSO4 solution to NaOH solution in a drop-wise manner described in section
2.3.2. This indicates that the specific surface area of the ZnO crystalline clusters that are
grown with the prism or star-shape using a drop-wise feeding technique via either

NaOH or ammonia routes tends to be relatively low.
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3.3.3. Fluorescence spectroscopy

A RT fluorescence emission spectrum on the ZnO sample produced by this method
was recorded after being excited at 310 nm, see Figure 3.4. It is similar to the spectrum
obtained from the zinc oxide product where the zinc sulphate solution was added to the
sodium hydroxide solution in a drop-wise manner over 3 minutes (Figure 2.15, I). The
most intense peak is located at 388 nm (near-UV band) followed by a violet band peak
centred at 423 nm. A wide green emission band centred at 567 nm also is observed. The
result shows that ZnO formed by the effect of ammonia rather than NaOH but with the

similar feeding method has basically very similar defect structure.
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Figure 3.4. RT fluorescence emission spectra of ZnO powder sample made by drop-
wise addition of zinc sulphate solution to ammonia over 3 minutes according to section
3.2. Excitation wavelength = 310 nm, excitation slit width = 5 nm (little steps at 460 and

570 nm are artefacts due to filter changes).

3.3.4. The catalytic role of NH; and OH"

In the previous chapter, the catalytic role of hydroxide anions in solution was
explained. Hydroxide anions that are once added into the system as an alkaline reagent
and become engaged in the anionic zinc-hydroxy complexes in solution are later
released from the soluble zinc species. This results in precipitation of ZnO and

regeneration of hydroxide anions.

In the ammonia-water-zinc system, hydroxide is not directly added into the system;
rather ammonia hydrolysis is responsible for the formation of some hydroxide in

solution according to Equation 3.1. The amount of ammonia in the system controls the
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amount of hydroxide ions available for the formation of zinc-hydroxy complexes.
Presence of ammonia in the system also plays an important role for the formation of
cationic zinc-ammine complexes according to Equation 3.2. Thermodynamic
calculations at the standard state conditions for Equation 3.2 revealed that the Gibbs free
energies of reactions and also the enthalpy of reactions when n = 1, 2 and 3 are positive
whereas those of the reaction when n = 4 are negative. This indicates that at the standard
state conditions only zinc-tetra-ammine complex can be formed in an exothermic
reaction. As a result, an interplay between anionic zinc-hydroxy complexes and cationic
zinc-tetra-ammine complex exist, which depends on the pH and temperature of the

system [285].

Zinc-hydroxy complexes are thermodynamically more stable than the zinc-ammine
species (Equations 3.3 to 3.6). For instance thermodynamic calculations at the standard
conditions for the transformation of zinc-tetra-ammine cation to zinc-tetra-hydroxy
anion according to Equation 3.3 show that AG, is -35.1 kJ/mol, thermodynamic data
adapted from [89, 285, 289].

As described in Chapter 2, Section 2.3.5, transformation of zinc-hydroxy complexes
to zinc oxide is also thermodynamically favourable with the negative Gibbs free energy

for all decomplexation reactions.

Therefore, in the ammonia-water-zinc system, formation of zinc-ammine complex is
suggested to happen first followed by decomplexation to form zinc-hydroxy complexes
and release of ammonia in water. Disengaged-ammonia from the complexes enters the
solution again. This shifts the hydrolysis Reaction 3.1 towards right according the Le
Chatelier's Principle, which provides more hydroxides for the hydroxylation Reactions

3.3-3.6.

Zinc-hydroxy complexes are thermodynamically instable with respect to ZnO, which
results in precipitation of insoluble ZnO. This stage follows the same mechanism
described in Chapter 2. Importantly, regeneration of ammonia and hydroxide anions in
the system suggests the catalytic role of these two species. It should be mentioned that
only the hydroxide in excess of the stoichiometric ratio has the catalytic role, see

Section 2.3.5.
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Scheme 3.1. Thermodynamic data for the formation of ZnO from Zn*"-water-ammonia system at 298 °K and 1 atm. Standard states have been
assumed. Data adopted from [89, 285, 289].
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3.4. Conclusions

A comparative study was performed between the reaction of zinc sulphate and NaOH
solutions (explained in the previous chapter) and the reaction between ZnSO4 and
ammonia solutions with a molar ratio of 1 : 4 where the method of feeding was drop-
wise addition of zinc sulphate solution into the alkaline solution. It was shown that the
end-product is well-crystallised ZnO with a cluster morphology. Provided that at all
times of the addition alkaline solution is more than the stoichiometric amount,
formation of soluble zinc-hydroxy and/or zinc-ammine complexes is feasible. This
method of addition allows the fast nucleation of small number of zinc oxide particles in
the beginning of addition from the soluble zinc-complexes through a decomplexation-
precipitation route and further growth of zinc oxide on the available nuclei sites upon
addition of more zinc salt solution. This results in larger crystals with lower specific
surface area. Zinc-amine complexes are believed to be involved in the system in the
presence of ammonia before their transformation into zinc-hydroxy complexes.
Thermodynamic instability of the soluble zinc-amine and zinc hydroxy complexes with
respect to zinc oxide is the driving force for the decomplexation and precipitation
reactions. Ammonia and excess of hydroxide anions catalyse the precipitation reaction.
The RT fluorescence emission spectrum obtained from ZnO made by the ammonia
route shows very similar behaviour to that of the similarly-made oxide from the NaOH

route.
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Chapter 4: Multi-Stage Routes to Synthesise Zinc Oxide Using Zinc

Peroxide

4.1. Introduction

In the previous two chapters, single-stage wet-processes to synthesise ZnO in
alkaline solutions have been discussed. In this chapter two-stage production processes
will be discussed. Stage one is wet-chemical reaction to form zinc peroxide using zinc
salts and hydrogen peroxide. Stage-two is conversion of zinc peroxide into ZnO by
heating. Morphology, thermal behaviour and composition of the end-product materials

and mechanism of the reactions are determined.

The importance of zinc oxide has been discussed previously. Zinc peroxide is also an
important material. It is mainly used in the rubber industry e.g. for vulcanisation of
carboxylated nitrile rubber (XNBR) [305-307], in the plastic industry [305, 307], in
explosive and pyrotechnic compositions [307, 308] and in cosmetic and medical
applications [305, 308]. Furthermore, it can be used as a precursor for zinc oxide

particles [305, 307]. The latter is the reason why it is investigated here.

Various techniques to produce zinc peroxide are reported for example by reactions
between zinc oxide, zinc hydroxide or zinc salts and a solution of hydrogen peroxide
[305, 309]. Its chemical formula is generally reported as Zn0O,:0.50, [310]. Zinc
peroxide is stable up to temperatures of around 200 °C. It decomposes at moderate
temperatures (200-250 °C) to ZnO by releasing oxygen according to exothermic
Reaction 4.1 [305, 307]. The resultant ZnO is reported to be oxygen deficient. For
example calcination of ZnO, at 200 °C results in ZnOgg9s. Oxygen deficiency
decreases as the calcination temperature increases. The defects have influence on the
colour of the resultant ZnO. The stoichiometric ZnO is white while non-stoichiometric

material made from the calcination of ZnO, is yellowish [311].

2Zn0; (¢ry = 2Zn0¢cry + 05 (g) + Heat 4.1
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4.2. Experimental
4.2.1. General

Zinc acetate dihydrate, sodium hydroxide pellets and hydrogen peroxide 35% were
purchased from Ajax Chemicals and used as-received. Milli-Q water (18.2 Q cm™) was
used as the solvent. Reaction was conducted under atmospheric conditions using a
round bottom flask with a digitally-controlled magnetic heater/stirrer. A magnetic stirrer
bar was used at a stirring rate of 820 rpm. Precipitates were isolated by centrifugation at
4400 rpm followed by drying using a rotary evaporator at 60 °C, unless otherwise
stated.

X-ray diffraction, thermogravimetric analysis and scanning electron microscopy

experiments have been done according to what was explained in Chapter 2.

4.2.2. Synthesis

7Zn0, via zinc acetate and H,O; reaction

Aqueous solutions of Zn(CH3;COO),-2H,0 (30 mL, 0.02M) and H,0O; (40 mL, 0.6M)
were prepared. Hydrogen peroxide solution was added to the zinc acetate solution in a
single step. The reaction continued for 2 hours and at room temperature. After 1 hour,
10 mL of H,O, 35% (11.7M) was injected into the reaction vessel and the reaction
continued for another 1 hour. The pH of the system after 2 hours of reaction was
measured at 6 and the system was transparent. To form a precipitate the system was
made alkaline using sodium hydroxide solution (pH=13) in a dropwise manner. A white
precipitate was formed at pH=7. Addition of NaOH solution was continued until the
pH=9 was achieved. The white precipitate was separated and washed and dried and

characterised.

ZnO from as-synthesised ZnO,

Some of the abovementioned precipitate was calcined at 250 °C for 1 hour in a box

furnace. The remaining solid was weighed and characterised.
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Zn0; via Zns;SO4(OH)¢'4H,0 and H,O; reaction

2.4x10™ moles of zinc hydroxide sulphate (ZnsSO4(OH)s-4H,0) solid produced
according to the method described in Section 2.2.2 by a sub-stoichiometric reaction
between zinc sulphate and sodium hydroxide (OH : Zn®" mole ratio was only 1.1 : 1)
was transferred to the reaction vessel (see also Section 2.3.1) at 70 °C. Then hydrogen
peroxide solution (60 mL, 1M) was added to the solid in a single step and the reaction
continued for 2 hours. The pH of the system was 5 after the reaction. The solid was then

separated, washed and dried at 75 °C and characterised.

ZnO from as-synthesised ZnO,

Some of the abovementioned solid was calcined at 250 °C for 1 hour in a box

furnace. The remaining solid was weighed and characterised.

4.3. Results and Discussion

In this chapter, two techniques to produce zinc peroxide and zinc oxide are
investigated. It is shown that ZnO; can be formed by the effect of hydrogen peroxide on
a zinc salt solution. Alternatively, ZnO, can be formed by the reaction of H,O, and
Zn4SO4(OH)s-4H,0. The latter is reported here for the first time as a synthetic
technique for ZnO,. It was shown that ZnO with small particle size and low-crystallinity

can be produced by calcination of zinc peroxide at intermediate temperatures.

4.3.1. Characterisation

Products from reaction of zinc acetate and H,O,

The product of the reaction between zinc acetate and hydrogen peroxide, and the
material formed by calcination of this product, were characterised by XRD to be zinc
peroxide and zinc oxide, respectively (see Figure 4.1). XRD on ZnO shows broad

peaks, which suggests small crystallite size.
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Figure 4.1. XRD on (bottom) product of the reaction between zinc acetate and
hydrogen peroxide corresponds to zinc peroxide (JCPDF card 01-077-2414) and (top)
product of calcination of as-produced zinc peroxide corresponds to zinc oxide (JCPDF

card 01-075-0576). Peaks marked with “*” are associated with zinc peroxide.

Products from reaction of Zns;SO4(OH)¢-4H,0 and H,0,

The product of the reaction between solid zinc hydroxy sulphate and hydrogen
peroxide was characterised by XRD to be ZnO,. The material formed by calcination of

as-made zinc peroxide was shown to be a mixture of ZnO and ZnO; (see Figure 4.2).
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Figure 4.2. XRD on (bottom) product of the reaction between ZnsSO4(OH)s-4H,0O
and H,0, corresponds to ZnO, (JC-PDF 01-077-2414) and (top) product of calcination
of as-produced ZnO, corresponds to mainly to ZnO (JC-PDF 00-001-1136) and some

remaining ZnO,. Peaks marked with “*” are associated with zinc peroxide.
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4.3.2. Thermogravimetric analysis

TGA-DTA analysis on ZnO, formed via the zinc acetate-H,O, route showed a total
mass loss of ~25% up to the temperature of 1000 °C. This includes a mass loss of ~8%
up to the temperature of ~120 °C due to expulsion of moisture. In the temperature range
of 120-250 °C, ~14% mass loss can be detected that is attributed to decomposition of
Zn0O; to ZnO by releasing O,. Above 250 °C, ~3% mass loss is attributed to the release
of surface hydroxyl groups from ZnO particles. Release of surface hydroxyl groups has
been also shown in Chapter 2. An exothermic peak in the DTA is centred at ~210 °C,

which corresponds to the decomposition temperature of ZnO,.

TGA on the ZnO, formed by the ZnsSO4(OH)s-4H,0-H,0, route showed a total
mass loss of ~24% up to the temperature of 1000 °C with a similar pattern to that

described above (Figure 4.3).

DTA on the ZnO; formed by the ZnsSO4(OH)s-4H,0-H,0, route, however, shows an
exothermic peak centred at ~230 °C (Figure 4.4). DTA peaks located at around 230 °C
have been shown in previous works [305, 312]. However the reason for the lower

decomposition temperature for ZnO, made via zinc acetate/H,O, route could not be

determined.
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Figure 4.3. TGA on zinc peroxide made from (I) zinc acetate-H,O, route and (II)

Zn,SO4(0H)s-4H,0-H,0; route.
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Figure 4.4. DTA on zinc peroxide made from (I) zinc acetate-H,O, route and (II)

Zn4SO4(OH)6-4H20—H202 route.

4.3.3. Mechanisms of formation of zinc peroxide

Zinc acetate-H,O, route

Formation of zinc peroxide by the reaction between zinc acetate and H,O, in the

hydrothermal system was proposed in [313] to be according Equations 4.2 to 4.6.

Zn(CH3C00), - 2H,0 = Zn** 4 + 2(CH3C00),q) + H20q 4.2
(CH3C00)(aq) + H20qy & OH™(5q) + CH3COO0H,q) 43
n** ) + 20H™ (39) = Zn(OH), 4.4
Zn(OH), + Hzoz(l) - ZnOz(cr) + 2H,0, 4.5
ZHzoz(l) - Oz(g) + 2H,0q, 4.6

The system was at room temperature, transparent and at pH=6 after the reaction.
Acidic condition is due to the acidic nature of both reactants. The pH is adjusted to the
neutral and then alkaline conditions by using NaOH solution to precipitate ZnO,.
Interestingly ZnO did not precipitate by addition of NaOH. A SEM image of the ZnO,

formed by this method is shown in Figure 4.5. Small-size ZnO particles were formed
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by calcination of as-made ZnO,. The structure is porous and non-uniform (see Figure

4.6).

Figure 4.5. SEM image on nano-particles of ZnO, made via zinc acetate-H,O, route.

Figure 4.6. SEM image on ZnO particles made via zinc acetate-H,O, route.

ZnSO4(OH)¢4H,0-H,0; route

As far as I could determine, this route is reported for the first time. Here a
solid/liquid reaction between zinc hydroxide sulphate and hydrogen peroxide results in
Zn0,. The mechanism is different from what was described above for a liquid-liquid
reaction. Here ZnsSO4(OH)s-4H,0 1is dissolved in an acidic solution of H,O, (Equation
4.7). Soluble zinc species then are hydrolysed to form zinc-hydroxy complexes (see
Equation 4.4). Reaction between zinc hydroxy species and peroxo anions then proceeds
as described in Equation 4.5. A SEM image of the ZnO; produced via this route is

shown in Figure 4.7.

Zn,(OH)6S0, - 4H,0 = 4Zn%*,q) + 60H™ + S0Z(,q) + 4H;0() 4.7
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200 nm

Figure 4.7. SEM image on ZnO; made via ZnsSO4(OH)s-4H,O/H,0; route.

Calcination of the ZnO, at 250 °C for 1 hour did not result in complete conversion of
peroxide to oxide. SEM images of the product are shown in Figure 4.8. As shown by
TGA-DTA results, the peroxide formed by the ZnsSO4(OH)s-4H,O-H,O, route is
thermally more stable (DTA peak centred at 230 °C) than the one made by zinc acetate-
H,0; route (DTA peak centred at 210 °C).

Figure 4.8. SEM images on ZnO/Zn0O; particles made via ZnsSO4(OH)s-4H,0-H,0,

route.
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4.4. Conclusions

Zinc peroxide has been produced by two different methods: (1) by a liquid-liquid
reaction between zinc acetate and H,O, and (2) by a solid/liquid reaction between
Zn4S0O4(OH)s-4H,0 and H,0,. It was shown that ZnO, can be formed directly from
route 2 whereas in order to precipitate ZnO; from route 1, the system must be basified.
Although both products are characterised as ZnO, by XRD, thermal behaviour of the
products is slightly different. Decomposition temperature of the product made by route
2 was shown by TGA-DTA to be ~20 °C higher than that of the product of route 1. As a
result calcination of the ZnO, from route 1 resulted in pure ZnO whereas a mixture of
Zn0/Zn0O, was produced by calcination of the one from route 2. Here it was shown that
the method of production has direct effect on the thermal stability of ZnO, and
consequently the composition of the calcined products. The mechanism of the route 1
follows the formation of zinc hydroxy species, which then react with peroxo anions to
form ZnO,. Route 2 follows a slightly different mechanism. Dissolution of
Zn4SO4(OH)4-4H,0 happens first in the acidic solution of H,O,. Zinc species are then
hydrolysed to generate zinc-hydroxy complexes, which then follow the same

mechanism as route 1 to form ZnO,.
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Chapter 5: Multi-Stage Routes to Synthesise Zinc Oxide Using Zinc

Hydroxy Salts*

5.1. Introduction

The industrial significance of ZnO was discussed in detail in Chapter 1. In this
chapter alternative multi-stage routes for the production of ZnO will be explored. A
variety of possible candidate precursors are considered and their thermal decomposition
patterns are studied. Materials selected here as precursors for the production of ZnO
belong to a class of layered hydroxide salts of zinc generally known as zinc hydroxy
salts or basic zinc salts. Five basic zinc salts have been synthesised and used for the
production of ZnO: (1) basic zinc carbonate (BZC), (2) basic zinc sulphate (BZS), (3)
basic zinc chloride (BZCI), (4) basic zinc nitrate (BZN) and (5) basic zinc acetate
(BZA).

Layered hydroxide salts are important materials per se. These salts with interlayer
anions are candidates for anion exchange, catalysis and sensing applications. Large 2D
layered compounds are useful in assembly technology. Anion-exchangeable layered
compounds are rare as most of the ion-exchangeable materials are cation-exchangeable
such as cationic clays, silicates, metal phosphates and phosphonates [314-319]. Some of
them are being used directly in existing applications; e.g. basic zinc sulphate is utilised
as a zinc fertiliser or as a white pigment [320-322]. Other ones are used as precursors
for production of useful materials; e.g. basic zinc carbonate is used for the production of

active 7n0O.

As described in Chapter 1, most ZnO is produced by the high temperature ‘French’
or ‘American’ gas phase processes but these necessarily produce material of relatively
large particle size and correspondingly low specific surface area. If ZnO of larger
specific surface area is sought, it must be produced by other means. However crystalline
ZnO grades such as the French process grade are currently more desirable for the big
consumers (e.g. tire and ceramic manufacturers). Therefore alternative processes that
lead to the end-products with high crystallinity and low specific surface area were also

sought.

* A significant part of the work presented in this chapter has been submitted for publication.
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Real-time in-situ synchrotron powder diffraction was conducted at Australian
Synchrotron in Melbourne on the abovementioned basic zinc salts to study the phase
transformations over a range of temperatures. Fascinating results were revealed by this
study. It was shown that crystallinity of ZnO formed by thermal decomposition of basic
zinc salts significantly depends on the crystallinity of the precursors, i.e. the more
crystalline the salt, the more crystalline ZnO will be. This finding is important
especially for an industrial grade of zinc oxide called active ZnO that is produced by
calcination of BZC. It was revealed that since BZC has the lowest crystallinity among
the precursors studied, the resultant ZnO is of the lowest crystallinity as well as having

the highest specific surface area.

5.2. Experimental
5.2.1. General

Sodium carbonate and lab-grade ethanol (95%) were purchased from Chem-Supply
Pty. Ltd. AR grade zinc sulphate heptahydrate, zinc nitrate hexahydrate, zinc acetate
dihydrate, zinc chloride, zinc oxide powder and sodium hydroxide pellets were
purchased from Ajax Chemicals and used as-received. Milli-Q water (18.2 Q cm’™) was
used as the solvent. Reactions were conducted under atmospheric conditions using a
two-neck round bottom flask with a digitally-controlled magnetic heater/stirrer. A
magnetic stirrer bar was used at a stirring rate of 820 rpm and isolation of the
precipitates was performed by vacuum filtration followed by drying using a rotary

evaporator at 70 °C, unless otherwise stated.

X-ray diffraction, thermogravimetric analysis (TGA), scanning electron microscopy
and fluorescence spectrometry experiments have been done according to the methods
explained in Chapter 2 unless otherwise stated. Multi-point (5 points) BET specific
surface area measurements were performed using Autosorb-1 from Quantachrome
Instrument or using Micromeritics Gemini VII 2390 by precise vacuum volumetric
method for nitrogen chemisorption. All the samples were out-gassed at 100 °C for 1
hour before actual measurements. Freeze drying was conducted using Christ-Alpha 2-4-

LD Plus at -87 °C and 0.009x10~* mbar.
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For transmission electron microscopy (TEM) images, small amount of the powder
samples was suspended in Milli-Q water and sonicated. Then a drop of the dispersed
solution was put in a carbon-coated copper grid and dried. The TEM images of samples
were taken using a JEOL JEM-2200FS microscope at the accelerating voltage of 200
kV equipped with EDS or JEOL 1400 microscope at the accelerating voltage of 120 kV.

Simultaneous  thermogravimetric ~ analysis-mass  spectrometry  (TGA-MS)
experiments were conducted using Quadrupole mass spectrometer (model: Thermostar
QMS 200 M3) from Balzers Instruments in a platinum crucible. Raman spectroscopy
was performed using a Renishaw inVia Raman Microscope System. A 633 nm laser
with the laser power of 100% was used. The scan range was 100-3200 cm™'. Fourier
transform infrared (FTIR) spectroscopy was performed using a Thermoscientific,
Nicolet 6700 instrument with 64 scans at a resolution of 4 cm™ in transmission mode

using KBr. The scan range was 400-4000 cm .

3C Cross Polarisation Magic Angle Spinning (CP-MAS) NMR measurements were
performed using a Bruker 200 MHz NMR Spectrometer operating at 50 MHz. Samples
were loaded into 4 mm zirconium oxide rotors with Kel-F caps, and spun at 5000 Hz. A
pulse width of 4.5 us was used with a contact time of 2 ms. In total 485 scans were
collected per sample. Free induction decay (FID) signals were obtained during a 0.05
sec acquisition time, followed by a 5 s delay. Chemical shifts were measured with

respect to adamantane as an external standard at 38.48 ppm.

In-situ synchrotron phase studies were performed to identify the phases and to
investigate phase transformation of the materials by continuous X-ray powder
diffraction with high resolution and accuracy at the Australian Synchrotron in
Melbourne over a range of temperatures with a heating rate of 5 °C min™'. The
synchrotron wavelength was set at 0.696603 A. LaBs was used as a standard reference.

Data collection was performed in two-minute intervals.

To generate the colour-coded 3D and contour graphs and for numerical analysis,
MATLAB version 7.10.0.499 (R2010a) was used. Synchrotron raw data were imported
into MATLAB. Intensity data for all samples were corrected by division of the intensity
figure by the integrated ion chamber count figure multiplied by 10° to generate an
arbitrary unit. To resolve low-angle XRD peaks, Topas software supplied by Bruker

was used and a number of Split Pearson VII distribution functions fitted.
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5.2.2. Synthesis of zinc hydroxy salts

Zinc hydroxy carbonate

Aqueous solutions of ZnSO4-7H,O (30 ml, 1M, pH=6) and Na,COs (30 ml, 1M,
pH=12) were prepared. Zinc sulphate solution was added to the sodium carbonate
solution at 70 °C in a single shot. Immediately after the addition, the solution became
white and cloudy. The reaction continued for 1 hour (where the pH was 7). The white

precipitate was then filtered, washed and dried at 60 °C in an oven overnight.

Zinc hydroxy sulphate

Zinc hydroxy sulphate tetrahydrate: Aqueous solutions of NaOH (33.5 ml, 0.1M)
and zinc sulphate heptahydrate (30 ml, 0.1M) were prepared. Zinc sulphate solution was
added to NaOH solution at 25 °C. Immediately after addition, the solution became
milky white. Reaction continued for 15 mins (where the pH was 6). Then the white
gelatinous suspension was centrifuged for 10 mins at 4400 rpm. The resultant white

precipitate was separated, washed and dried at 60 °C under reduced pressure.

Zinc hydroxy sulphate monohydrate: Aqueous solutions of zinc sulphate (60 ml,
1.5M, pH=6) and NaOH (60 ml, 1.5M, pH=14) were prepared. NaOH solution was
added to the zinc sulphate solution in a single step at 25 °C and at the stirring rate of
500 rpm (pH=7 after addition). Reaction continued for 2 hours (where the pH was still
7). Then the white and sticky precipitate was filtered, washed and dried at 60 °C in an

oven overnight.

Zinc hydroxy chloride

An aqueous solution of ZnCl, (30 ml, 6M, pH=3) was prepared. An equimolar
amount of ZnO powder was suspended in 70 ml water. The zinc chloride solution was
added to the ZnO suspension in a single step at 90 °C and at the stirring rate of 500 rpm.
The reaction continued for 2 hours (where the pH was 7). Then the white suspension

was filtered, washed and dried.
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Zinc hydroxy nitrate

Aqueous solution of Zn(NOs),-6H,O (30 ml, 3M, pH=3) was prepared. An
equimolar amount of ZnO powder was suspended in 80 ml of water. The zinc nitrate
solution was added to the ZnO suspension in a single step at 25 °C. The reaction
continued for 1 hour (where the pH was 7). Then the white suspension was filtered,

washed and dried at 50 °C under reduced pressure.

Zinc hydroxy acetate
BZA has been synthesised via two independent routes:

e Aqueous solutions of zinc acetate (60 ml, 1.5M, pH = 6) and NaOH (60 ml,
1.5M, pH=14) were prepared. NaOH solution was added to the zinc acetate
solution in a single step at room temperature. Reaction continued for 2 hours
(where the pH was 7). The white suspension was filtered, washed and dried at
60 °C in the oven;

e Aqueous solution of zinc acetate (60 ml, 1.5M, pH = 6) was prepared. 0.09
mol ZnO powder was suspended in 60 ml of water. Zinc acetate solution was
added to the ZnO suspension in a single step. The mixture was stirred for 4

hours at room temperature. The white suspension was then filtered, washed

and dried.

Product of reaction between zinc hydroxy acetate and ethanol

This reaction was carried out to clarify some reports in the literature [323, 324]. BZA
(0.4947 g) made from the latter route was added to 50 ml of ethanol and stirred
vigorously at room temperature in a closed vessel for four days. Each day the solid was
isolated by centrifugation at 4400 rpm and resuspended in 50 ml of fresh ethanol. After
4 days the solid was separated by centrifuge and was divided into two parts. One part
was dried at 50 °C under the reduced pressure and the other part was freeze-dried for 24
hours. The dried powders were then analysed by XRD, TGA-DTA, Raman
spectroscopy, FTIR spectroscopy, and solid-NMR spectroscopy.
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5.2.3. Synthesis of ZnO from zinc hydroxy salts

Process conditions to synthesise ZnO from basic zinc salts were selected based on
the thermogravimetric analysis data. ZnO was formed by calcination of basic zinc salts
using a preheated oven set at specific temperatures for each salt according to the Table
5.1. In the case of multiple-stage calcination, after each stage, the product was cooled

down naturally to room temperature under still air.

Table 5.1. Calcination conditions to produce ZnO using basic zinc salt precursors.

Precursor BZC | BZS | BZCl | BZN | BZA
Stage 1 calcination temp (°C) 300 900 400 250 400
Residence time (hr) 1 1 2 1 2
Stage 2 calcination temp (°C) - - 400 300 -
Residence time (hr) - - 4 1 -
Stage 3 calcination temp (°C) - - 600 - -
Residence time (hr) - - 4 - -

5.3. Results and Discussion

In this work, formation of some basic zinc salts i.e. basic zinc carbonate, sulphate,
chloride, nitrate and acetate and their transformation into ZnO were investigated.
Discrepancies in the mechanism of formation of ZnO from some of the basic zinc salt
precursors in terms of the presence of some intermediate phases were observed. As a
result, by using a combination of techniques such as in situ synchrotron radiation study

and TGA-MS on the gaseous products, these issues have been clarified.

5.3.1. Zinc hydroxy carbonate

Basic zinc carbonate (BZC) - other names: hydrozincite, zinc hydroxy/hydroxide
carbonate - with the chemical formula of Zns(CO;3),(OH)¢ or 3Zn(OH),;-2ZnCO;3
(M.W=548.95) is an industrially important precursor for the production of wet-process
ZnO that is generally precipitated from the secondary sources. Different compositions
for BZC have also been reported such as Zn,CO3;(OH),, Zn;CO3;(OH); and
Zn4CO3(OH)s-H,0 [92, 325, 326]. The resultant grade of ZnO, which is well-known for

a long time in industry is called active or activated ZnO due to the higher specific
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surface area compared to e.g. that of the French process ZnO [24, 86, 96, 97, 327-335],

see also section 1.3.2.

Mechanism and kinetics of thermal decomposition of BZC have been investigated in
previous works [90, 92, 325, 326, 336]. In the present work, the phase transformation of
BZC to ZnO using real-time in-situ synchrotron radiation was investigated. BZC was
also calcined in a separate experiment at a temperature range of 250-350 °C (with 10 °C
intervals) and the specific surface area of the resultant materials was measured. It was

shown that ZnO made from BZC is highly porous and has high specific surface area.
Precipitation of BZC proceeds according to equation 5.1.

5Zl’lSO4 ' 7H20(aq) + 5N32C03 (aq) 5.1
- Zns(C03)2(OH)6 (S) + 5N32504 (aq) + 3(:02 (g) + 32H2(

Characterisation, TGA-DTA and microscopy
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Figure 5.1. XRD (Cu Ka) on the product corresponding to hydrozincite (JC-PDF
card 00-019-1458). The peaks are broad.

The precipitate formed by this reaction was separated and characterised by XRD as
hydrozincite, Figure 5.1. Theoretical mass loss of hydrozincite when decomposed to
Zn0O is ~25.9%. TGA shows ~26% mass loss up to a temperature of 1000 °C, which is
in accordance with the theoretical mass loss value. The sample contains a small amount

of moisture. A small and gradual mass loss can be observed in the temperature range of
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120-250 °C. DTA shows a sharp endothermic peak centred at ~248 °C along with a
sharp mass loss seen in TGA, Figure 5.2. Mass loss above 250 °C is attributed to

surface hydroxyl groups.
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Figure 5.2. TGA-DTA on hydrozincite.

Independently some BZC was calcined at 300 °C for 1 hour. It was observed that the
calcined product at 300 °C shows a yellowish-white colour, which over cooling to room
temperature gains its whiteness. This is in accordance with thermochromism properties
of ZnO [24, 337, 338]. XRD on the calcined product showed that the product is only
ZnO (Figure 5.3). SEM images of the BZC and the highly porous ZnO produced from

this precursor are shown in Figure 5.4.
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Figure 5.3. XRD (Cu Ka) on the calcined product corresponds to ZnO (JC-PDF card
00-005-0664).
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Figure 5.4. SEM images of (A) BZC; (B) highly porous ZnO produced from

calcination of BZC.

TEM images, Figure 5.5, on the ZnO revealed that crystal particle size is in the
range of 5-20 nm. Some amorphous material was also detected, which is bigger in size.
This is consistent with the XRD pattern on the material that shows low intensity peaks

associated with ZnO.

Figure 5.5. TEM images on the ZnO particles produced from calcination of BZC
(courtesy of Dr A. Dowd).
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Real-time synchrotron radiation study

In-situ synchrotron study on BZC in the temperature range of 25-600 °C confirmed a
single stage phase transformation for this material into ZnO, see Figure 5.6 and Figure
5.7. Up to temperatures around 230 °C only hydrozincite peaks can be detected with
shrinkage in peak intensity as temperature increases. The only phase transformation
takes place at temperatures ~230 °C over which only ZnO peaks can be observed. The
minimum temperature required for the completion of decomposition of BZC to ZnO is
therefore around 230 °C, which also depends on the rate of heating. This is important

for industrial rotary kiln design.
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Figure 5.6. Colour-coded contour XRD (synchrotron) graph shows the real-time

transformation of hydrozincite to ZnO. The intensity is colour-coded.
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Figure 5.7. Two projections of 3D-stacked XRD (synchrotron) patterns on BZC
show that intensity of BZC is lower than that of the end-product ZnO. ZnO peaks are

intensified by increasing the temperature.

Based on the TGA-DTA and synchrotron radiation study, it was shown that

decomposition of BZC to ZnO proceeds in a single stage according to the Reaction 5.2.

T>230°C 5.2
Zns5(C0O;3)2(OH)¢ — 5Zn0O + 3H,0 + 2CO, ‘

BET surface area measurements

To investigate the effect of temperature of calcination on the specific surface area of
ZnO product, some BZC was divided into 11 parts and the samples were calcined at

250, 260, 270, 280, 290, 300, 310, 320, 330, 340, 350 °C for 1 hour, respectively.
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After calcination, all products were characterised by XRD to be ZnO, Figure 5.8. No
specific relationship between the XRD patterns and temperature of calcination could be
detected. It was expected that by increasing the temperature of calcination, BET specific
surface area drops, but this was not the case, Figure 5.9. BET specific surface area of

the ZnO samples was measured to be in the range of 47-65 m?/g.
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Figure 5.8. XRD (Cu Ka) on the products of calcination of BZC at a temperature
range of 250-350 °C for 1 hour shows only ZnO peaks.
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Figure 5.9. BET specific surface area of ZnO samples prepared by calcination of
BZC at 250-350 °C.
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5.3.2. Zinc hydroxy sulphate

Zinc hydroxide sulphates (BZS) - other name: basic zinc sulphate - with general
formula of xZnSO4yZn(OH),zH,0O are Berthollide compounds with variable, non-
integral ranges of x, y and z. Studies on 3Zn(OH), ZnSO4-zH,0 showed that it can hold
different number of water of crystallisation with z= 0, 0.5, 1, 3, 4 and 5 [320, 339-343].
Disparity in the nomenclature of the similar chemicals can be observed. For example in
[320] “zinc hydroxy-sulphate” is misleadingly named zinc oxy-sulphate or in [344]
“basic zinc sulphate” was used instead of “zinc oxy-sulphate”. Similar naming
confusion can be seen in commercial application [321]. It must be noted that zinc
hydroxy-sulphate and oxy-sulphate are two different groups of materials with the
chemical formula of xZnSO4°yZn(OH),; zH,0O and nZnSO4-mZnO, respectively. Basic
zinc sulphate is specifically reserved for zinc hydroxy sulphate [345].

Synthesis of the basic zinc sulphate has been a matter of confusion as well. For
example Yadav et al., [346] tried to synthesise ZnO using a reaction between NaOH
and ZnSO,4 with a sub-stoichiometric molar ratio of reactants (1:2.2). It was not noticed
in their work that a sub-stoichiometric reaction between the reactants does not form

ZnO; rather basic zinc sulphate is precipitated [79].

Precipitation of BZS tetrahydrate and monohydrate proceeds according to Reactions

5.3 and 5.4, respectively with slightly different methods described in experimental

section.
6NaOH(aq) + 4Zl’lSO4'7H20(aq) — Zn4(OH)6SO4'4HzO@ + 3Nast4(aq) + 24H20 53
6NaOH(aq) + 4Zl’lSO4'7H20(aq) — Zn4(OH)6SO4'H20(g) + 3Nast4(aq) + 27H20 54

Characterisation and TGA-DTA

Using XRD, the precipitate formed by Reaction 5.3 was identified as BZS
tetrahydrate (00-044-0673). However the XRD pattern obtained from the precipitate
formed by Reaction 5.4 could not be identified by the available XRD data (Figure
5.10). Using TGA on both precipitates, a similar pattern of decomposition was detected,
which was a sign that the chemicals are of similar nature with a slightly different mass
loss due to the dehydration stage at temperatures up to 110 °C. Theoretical mass loss

due to the complete conversion of BZS-4H,0 to ZnO is 38.75% and that of BZS-H,0 to
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Zn0O 1is 31.82%. TGA (Figure 5.11) on the samples prepared by different methods
shows mass loss values consistent with the theoretical figures. Therefore based on the
TGA data, the unidentified phase was speculated to be BZS monohydrate. DTA on the
unidentified phase shows sharp endothermic peaks while DTA peaks associated with
BZS-4H,0 are broader and smaller, Figure 5.12. To confirm the presence of BZS
monohydrate, a comparative study between the data obtained from real-time
synchrotron study on the calcined BZS-4H,0 at 113 °C and the XRD (Cu Ka) data on
the product, which is believed to be BZS-H,O was performed, see synchrotron study

section.
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Figure 5.10. XRD (Cu Ka) on the BZS tetrahydrate and the phase, which is believed
to be BZS monohydrate.
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Figure 5.11. TGA on BZS tetrahydrate and monohydrate.
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Figure 5.12. DTA on BZS tetrahydrate and monohydrate.

Synchrotron radiation study and TGA-MS

In-situ real-time synchrotron radiation study on BZS-4H,O was performed, which
revealed astonishing information on this chemical. Crystalline intermediate phases
involved during thermal decomposition of this compound were identified, see Figure

5.13 and Figure 5.14.
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Figure 5.13. Colour-coded contour XRD (synchrotron) graph shows the real-time
transformation of BZS-4H,0 to ZnO. The intensity is colour-coded.
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Figure 5.14. Two projections of 3D-stacked XRD (synchrotron) graphs on
BZS-4H,0.

It was observed that BZS-4H,0 undergoes dehydration to form BZS-H,O at 89-113
°C followed by complete dehydration at temperature range between 113-140 °C

according to Reactions 5.5 and 5.6, respectively.

89-113°C 55
Zn4SO4(OH)g-4H,0 ———— ZnySO4(OH)s-H,0 + 3H,0 -
113-140 °C 56

Zn4SO4(OH)s-H,O ——— ZnsSO4(OH)e + H,O
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Figure 5.15. Top pattern: XRD pattern on the calcined BZS-4H,O at 113 °C
obtained by synchrotron radiation (synchrotron 26 values are converted to the

equivalent of Cu Ka). Bottom pattern: XRD (Cu Ka) pattern on unidentified BZS. The

two patterns match perfectly with each other.

Synchrotron data obtained at 113 °C was compared with the unidentified phase
mentioned previously, which is believed to be BZS-H,O. XRD revealed that two phases
are identical, see Figure 5.15. Using both the TGA-DTA and the synchrotron study, it
can be stated that the unidentified precipitate of Reaction 5.4 is BZS-H,O.

Dehydration of BZS is a dynamic process with other possible intermediate phases

involved, see Figure 5.13 and Figure 5.16.
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Figure 5.16. Stacked XRD (synchrotron) on the BZS-4H,0 under calcination shows

a dynamic phase transformation due to the dehydration by increasing the temperature.

At ~140 °C, dehydrated BZS is observed. This phase remains stable up to the
temperatures ~225 °C where the first signs of the formation of ZnO can be tracked. This
is consistent with TGA data. Available XRD data (JC-PDF file: 00-044-0675) for
dehydrated zinc hydroxide sulphate, ZnSO4-3Zn(OH),, was assigned to the XRD
patterns observed at 140-225 °C, see Figure 5.17. A detailed dehydration study on basic

zinc sulphate is also available in [339].
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Figure 5.17. XRD pattern on the calcine at 204 °C obtained by synchrotron radiation

(synchrotron 26 value is converted to its equivalent of Cu Ka).

Next transformation in the XRD pattern is observed in the temperature range of 225-

350 °C with formation of two new phases one of which was identified as ZnO and the
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other is believed to be in the form of zinc oxy-sulphate (Zn;O(SO4), or ZnO-2ZnS0y4)
according to Reaction 5.7. This is consistent with TGA-DTA data in this temperature
range.

27n,S0,(0H)s 2% 5700 + Zny,0(SO4), + 6H,0 5.7
No available XRD data for zinc oxy-sulphate (i.e. JC-PDF files 031-1469, 071-2475,
016-0821) could be assigned to the unknown peaks. It was also attempted to match
available XRD data for lower order zinc hydroxy-sulphate such as Zn,(OH),SO4 to the
peaks with the hope that hydroxide groups were still present in the system. This also
showed that lower order zinc hydroxy sulphates are not involved at this temperature

range, which is in contrast with the pathway suggested by Biswick ef al., [347, 348].

Consequently and based on the observed mass loss by TGA and also with a support
from TGA-MS on BZS-H,0 (Figure 5.19), it was calculated that up to the temperatures
around 350 °C (where a phase transformation can be observed), equivalent to 7 moles of
water are evolved from the BZS tetrahydrate. Four of these waters are the hydration
water and the remainder are evolved due to the decomposition of the dehydrated BZS,
which results in ZnO and zinc oxy-sulphate according to Reaction 5.7. Formation of
Zn30(S04), has been confirmed in previous works during thermal decomposition of
ordinary ZnSQ,. It was shown that Zn;O(SO,), is stable up to ~750 °C. Also it was
shown that Zn3;O(SOy), can be formed at 600 °C and 700 °C with a different technique
1.e. a solid-solid reaction between anhydrous ZnSO4 and ZnO with a correct proportion
of excess ZnSO4 [344, 349-353]. This compound is in fact categorised under metal

oxocentred complexes [354].

Next transformation proceeds due to the presence of ZnO in excess in the system,
which is enough for the formation of higher order zinc oxy-sulphate at higher
temperatures via a solid-solid reaction. As the temperature reaches ~350 °C, sintering
between some free ZnO and Zn3;O(SOs), occurs to form a higher order zinc oxy-

sulphate with the chemical formula of ZnsO,(SO4); according to Reaction 5.8.

T =350°C 5.8
Zn0 + 3ZH3O(SO4)2 S 2211502(804)3 )

Interestingly, TGA does not show any mass loss at these temperatures. However,
DTA shows a small endothermic peak that was assigned to the phase change between

two forms of zinc oxy-sulphate, see Figure 5.11 and Figure 5.12. This form of zinc
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oxy-sulphate is then stable up to the temperatures around 775 °C where it starts to
decompose to ZnO. This is in accordance with the published data on ZnsO,(SO4); by
Hoschek [355]. XRD patterns were identified as ZnsO,(SO4); (00-016-0305) and ZnO
(01-089-7102), Figure 5.18. It is interesting to mention that presence of different forms
of zinc oxy-sulphate has been controversial. For instance Ibanez et al., with reference to
the older work by Ingraham and Kellogg, stated that two forms of oxy-sulphate
[Zn30(SO4),; and ZnsO,(SO4);] might be one form and claimed that the presence of
different forms could be due to the experimental error in previous works [351, 355,
356]. However, it has been shown in the present work that this is not necessarily true

and these two phases can exist independently.

It was noticed that in all of the abovementioned works, the materials considered were
the products of thermal decomposition of zinc sulphate (ZnSO,) or zinc sulfide (ZnS) or
a zinc oxy-sulphate (misleadingly named basic zinc sulphate in some works), which is
produced by the reaction between dehydrated ZnSO4 and ZnO where ZnSOy is in
excess. This might be the reason why a consensus on the formation of Zn;O(SOy), is
reached by most of the researchers rather than formation of ZnsO,(SO,); that was
reported by some other ones. Nevertheless none of the publications referred to the
decomposition of zinc hydroxy sulphate, which can provide the system with the excess

of ZnO and can result in the formation of ZnsO,(SO4); according to Reaction 5.8.
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Figure 5.18. XRD pattern on the calcined sample at 555 °C obtained by synchrotron
radiation (synchrotron 26 value is converted to its equivalent of Cu Ka). ZnO peaks (JC-
PDF 01-089-7102) are indicated by “*”. The remaining peaks have been identified as

Zn50,(S04)3 (JC-PDF 00-016-0305).
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In the last step of transformation, ZnsO,(SO4); decomposes to ZnO by releasing

sulfur dioxide and oxygen gases according to reaction 5.9.

T>775 °C 59
2ZH5OQ(SO4)3 — 10Zn0O + 6802 + 302 )

Despite the claims on the formation of sulfur trioxide as the major gas species
evolved due to the decomposition of zinc oxy-sulphate [349, 351, 357], here it was
demonstrated by TGA-MS on aged BZS-H,0O under argon atmosphere with a heating
rate of 3 °C min™ that sulfur dioxide and oxygen are the major gas species evolved. SO;
was only detected in trace amounts and its relative peak intensity was about three orders
of magnitude less than those of SO, and O,. Presence of SO; is probably due to the
partial oxidation reaction of sulfur dioxide to trioxide in the presence of ZnO according

to Reaction 5.10 with x < 1 at the current process conditions.

metal oxide catalyst
x(2S0, + O, 2S03) 5.10
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Figure 5.19. TGA-MS graphs on aged BZS-H,0. Shown ion intensities for H,O, O,
CO,, SO, and SO; are x10°, x10', x10'", x10'® and x10"3, respectively.

The oxidation reaction of SO,, that is industrially important in the contact process for
production of sulphuric acid, is possible at high temperatures in the presence of metal

oxide catalysts such as V,05[358-363].
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By TGA-MS the presence of CO, was also investigated and it was shown that this
gas in trace amounts is involved in this system due to its probable prior adsorption from
atmosphere, Figure 5.19. TGA on BZS-H,O, here, shows ~2.4% more mass loss
compared to the TGA done on the same sample before aging that was assigned to the

adsorption of moisture (compare Figure 5.11 and Figure 5.19).

Microscopy and BET surface area measurement

In a separate experiment, some BZS-4H,0 was calcined at 900 °C for 1 hour. XRD
on the product showed ZnO (01-089-7102), Figure 5.20. BET surface area
measurement on ZnO showed a surface area of 0.7 m*/g. SEM images on the precursor
(BZS-4H;0) and ZnO particles made from that are shown in Figure 5.21. Highly

crystalline ZnO particles are observed.
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Figure 5.20. XRD on the product of calcination of BZS at 900 °C shows ZnO peaks.

Figure 5.21. SEM images on (A) precursor and (B) ZnO particles made from that.
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Mechanism

Consequently, the thermal decomposition mechanism for the transformation of

BZS-4H,0 to ZnO is suggested to follow the schematic shown in Scheme 5.1.

89 — 113°C
Zn4504(0H)5'4H20 {Cr) L Zn4504(0H)5-H20 (Cr)

-H,O 113 — 140°C
z
14/6 ZnO (cr) .
T = 350°C 225 — 350°C 4
1/6 Zn0 (cr)  |e Zn,SO,4(OH)s (cr)
-3H,0
- 1/2 Zn;0{50,); {cr) M
oS 120,08 |-~
-
1 SO.{g) |-~
h T > 775°C
1/3 Zn;0,(S0,); (cr) 5/3 ZnO (cr)

Scheme 5.1. Schematic of suggested mechanism for thermal transformation of

BZS-4H,0 into ZnO. Dotted arrows show partial side reaction.
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5.3.3. Zinc hydroxy chloride

First reported by Sorel in 1855 [364], composition of zinc hydroxy chloride and its
decomposition mechanism have been controversial. Many compositions and phases for
this compound have been proposed suggesting that this layered chemical can be
categorised as a  Berthollide compound with  general formula of
xZnCly yZn(OH),-zH,0O. Among all of the reported phases, 4Zn(OH), ZnCl,-H,O
(alternative formula and names: Zns(OH)gCl,-H,O, basic zinc chloride and
Simonkolleite), ZnO-ZnCl,-2H,0 and B-Zn(OH)CI are by consensus the most stable
ones. Crystal structure of B-Zn(OH)CI (single crystal made from ZnO and ZnCl, by
wet-chemistry) was first established by Forsberg and Nowacki in 1959, but the
hydration state has never been stated to date [365, 366]. Oswald and Feitknecht reported
three different phases of Zn(OH)CI labelled as a-phase, B-phase and y-phase. They
mentioned that the y-phase is probably the same as a mixture of oa-phase and
47Zn(OH),-ZnCl,-H,0 phase and is misleadingly reported in previous works. They also
observed that B-phase is the most stable phase, which transforms into ZnCl, and
47Zn(OH),-ZnCl,-H,0 in the presence of air [367]. Reports on zinc oxy-chlorides such
as ZnOCI and Zn,OCl, also adds to the confusion [368]. Existence of numerous forms
of zinc hydroxy/oxy-chloride is one of the reasons why a lot of discrepancies can be

seen in the literature on thermal behaviour of these salts.

Zns(OH)sCl,-H,O (abbreviated here as BZCI) is one the constituents of zinc ash
skimmed from the surface of molten zinc baths used in the hot-dip galvanisation
process. The high temperatures on the surface of molten zinc bath imply that this

compound is quite stable [41, 369].

BZCl is in the family of layered hydroxy double salts (HDS). These compounds are
also called anionic clays and are similar to hydrotalcites in structure. BZCI possesses
quite similar hydration/adsorption properties to clays. Its large interlayer distance (7.87
A) allows accommodation of some H,O/CO; in the interlayer distance in the available
void sites (molecular diameter of H,O is 2.75 A and that of CO, is 3.3 A) [345, 370-
375]. In some clay structures, one, two, three or four layers of H,O can be intercalated,
which may result in the crystal swelling [376-378]. Kloprogge et al., in their TGA-MS
work on various hydrotalcites including chloride-bearing hydrotalcite proved that

dehydration can occur at quite high temperatures ~400 °C with a loss of chloride at a
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slightly above 400 °C [379]. The adsorption/desorption properties of CO, has been
previously studied in similar layered materials and it was shown that CO; can be quite

stable up to around 300 °C [374, 375].

Previously, thermal decomposition of BZCI has been studied by different groups and

numerous and very different mechanisms have been suggested.

Sorrell, based on mass loss data, reported that BZCl phase decomposes to ZnO and
Zn0-ZnCl,-2H,0 phase at around 160 °C and ZnO-ZnCl,-2H,0 loses one water of
hydration at around 230 °C. Finally, ZnO-ZnCl,-H,O loses its one water together with
ZnCl, in the last stage [365].

Srivastava and Secco suggested two steps for the decomposition of BZCIl. Their
TGA-DTA was conducted with a heating rate of 20 °C min™' under the air flow. They
claimed that BZCl decomposes to ZnO and ZnCl,. ZnCl, then melts and finally
evaporates off the system at temperatures above 400 °C. Decomposition is reported to
be complete at 535 °C. They assigned two observed DTA endothermic peaks at 262 °C
and 708 °C to the melting and boiling points of ZnCl,, respectively. They observed a
big temperature difference between TGA (535 °C) and DTA (708 °C) for volatilisation
of ZnCl, and assigned this to the experimental conditions. In case of B-Zn(OH)CI, they
also claimed that this compound decomposes to ZnO and ZnCl, similar to the higher

order BZC1[380].

Hoffman and Lauder conducted thermal decomposition studies on Zns(OH)sCl,-H,O
and B-Zn(OH)CI only up to 250 °C. They produced their samples according to the
method suggested by Oswald and Feitknecht - slow evaporation of a ZnCl, solution and
Zn0O [367, 381]. They only ran a MS analysis on B-Zn(OH)CIl and reported on the
detection of ZnCl" and ZnCl} ions as the temperature rose to 200 °C. They observed
that B-Zn(OH)Cl, which had traces of ZnCl,, was converted to Zns(OH)sCl,-H,O.
Having observed zinc chloride species in the MS, which can be due to the possible
reverse reaction in their B-Zn(OH)Cl sample, they surprisingly concluded that
decomposition of the mentioned compounds up to 250 °C forms ZnO and ZnCl, and
H,0 and extended this assumption to decomposition mechanism of Zns(OH)sCl,-H,O

as well [382].

Rasines and Morales de Setién studied the thermal decomposition of
Zns(OH)sCl,-H,0 up to 1000 °C with a heating rate of 12 °C min”! under the flow of air
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and N,. They also conducted long time isothermal heating in a temperature range of
100-1000 °C and identified the products of each stage by XRD. They reported on the
formation of Zn(OH)CI as an intermediate, which may convert to ZnO, ZnCl, and water
between 210-300 °C. The ZnCl, formed is then volatilised at temperatures above 300
°C and escapes from the system. The theoretical mass loss for the suggested mechanism
was calculated as 41%. However they observed 35.7% and assigned the difference to
the hydrolysis of some ZnCl, to form ZnO. Clearly they had problems with assigning
the DTA endothermic peaks, which correspond to the melting and boiling points of
ZnCl,. They observed a peak at 678 °C and reported this as the boiling point of ZnCl,
[383].

Garcia-Martinez et al., claimed that B-Zn(OH)CI and ZnCl, are formed as the
intermediate products of decomposition of BZCI followed by hydrolysis of ZnCl, to
form ZnO and HCI. They also observed that mass loss values measured in TGA under
different conditions are all above 32%, which is well above theoretical value of 26.3%
for the complete conversion to only ZnO (except one experiment under stagnant
atmosphere with a heating rate of 1 °C min™ that resulted in around 28% mass loss). To
explain the difference in observed mass losses, they postulated the presence of ZnCl, as
an intermediate that they could not identify. However in the latter case where they saw

28% mass loss, they suggested the complete hydrolysis of ZnCl, to ZnO [384].

Formation of an anhydrous zinc salt as an intermediate product of decomposition of
basic zinc salts has been also claimed by Biswick et al., by referring to the same

references above [347, 348].

Tanaka and Fujioka suggested yet another mechanism. They claimed that the
formation of B-Zn(OH)CIl and Zn(OH), was followed by complete decomposition of
these two intermediates to ZnO and HCI and H,0 at 225 °C [385]. However formation
of Zn(OH), at such temperatures does not seem logical as it decomposes to ZnO at

around 120 °C [79, 300].

In another case of disagreement, Krunks et al., postulated that BZCI decomposes to
Zn0O-ZnCl,-2H,0 followed by decomposition to ZnO and ZnCl, [386].

Zhang and Yanagisawa suggest that BZCl decomposes only to ZnO and HCI and
water with the release of HCI in the last stage of the decomposition after observing only

around 27% mass loss in their TGA [293].
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And recently, Kozawa et al., studied BZCI having considered the effect of water
vapour during the thermal decomposition pattern of this compound. They synthesised
BZCl by a hydrothermal technique. Then in a few independent TGA-DTA experiments
up to 520 °C they applied air and dry N, and humid N, with P40, of 4.5 and 10 kPa.
Interestingly, they observed that mass loss is a function of partial pressure of water and
related the more-than-expected value for the mass loss in dry-condition experiments to
the formation of the volatile ZnCl, at some stage. They also showed that under humid
conditions, mass loss is quite close to the theoretical value of around 26.3% (on the
basis of complete conversion to only ZnO). They also showed the reversibility of some
of the reactions under cooling (reconstruction of the higher-order zinc hydroxy-
chlorides) [387]. This finding is important and the role of partial pressure of water on
limiting the formation of volatile zinc-containing species under equilibrium conditions

will be discussed in this work.

Disparities in the suggested mechanisms might be mainly because of more-than-
expected observed mass loss in TGA results and confusing DTA data. The fact that this
chemical was almost free of unbound moisture led to conclusions that the excess mass
loss (relative to theoretical value of 26.3% for the complete conversion to only ZnO) is
related to volatile compounds other than water and HCI such as ZnCl,. Nevertheless, the
existence of this species was not proved in any of the mechanisms in which its role as

an intermediate ZnCl, or final product was proposed.

This issue was investigated in this work with the aim to solve this puzzle. BZCl was
synthesised according to the experimental section. A combination of TGA-DTA, TGA-
MS and in-situ real-time synchrotron radiation studies on BZCl was performed to
visualise the phase transformations, crystalline intermediate phases and gases evolved
during thermal decomposition of this compound. Evolution of volatile and hydroscopic
zinc-containing compounds during thermal decomposition of BZCI has been confirmed

and the identity of the volatile material was clarified.

Characterisation, BET surface area measurement and microscopy

The precipitated product of this reaction was separated and characterised by XRD
(Cu Ka) as Zns(OH)sCl,-H,0 (01-077-2311), see Figure 5.22, a.
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Some BZCl was then calcined in three consecutive isothermal stages in a furnace
under stagnant air: (1) at 400 °C for 2 hours; (2) at 400 °C for an extra 4 hours and (3) at
600 °C for 4 hours. After each calcination stage, the product was naturally cooled down

and was characterised by XRD.
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Figure 5.22. XRD results on (a) BZCI; (b) calcined BZCI for 2 hours at 400 °C; (c)
calcined BZCI for 6 hours at 400 °C and (d) calcined BZCI for 6 hours at 400 °C plus 4
hours at 600 °C. Peaks marked with & in (b) and (c) correspond to ZnO-ZnCl,-2H,0
and the peaks indicated with & correspond to Zns(OH)sCl,-H,O.

Surprisingly, it was found that after each isothermal calcination at 400 °C, ZnO is not
the only product. The extra XRD peaks were assigned to ZnO-ZnCl,-2H,0O (00-045-
0819). Intensity of the peaks associated with ZnO-ZnCl,-2H,0 declined after 6 hours of
calcination but conversion to ZnO was not complete. Also minor peaks associated with
BZCl were detected after calcination at 400 °C and cooling to room temperature (see
Figure 5.22, b and c). This behaviour is also reported in another work. However the
intermediate phase was identified as B-Zn(OH)CI [387]. The property known as
‘reconstruction’ is observed in calcined layered double hydroxide (LDH) compounds
under equilibrium conditions with water vapour. However if the temperature is higher
than the temperature necessary for complete conversion of the salt to metal oxide,
reconstruction cannot happen [388, 389]. In the next stage, the product was calcined at
600 °C for 4 hours and the product was characterised by XRD to be only ZnO, 01-075-
0576 (see Figure 5.22). The as-made ZnO was slightly yellowish white.

BET specific surface area of the ZnO was 1.3 m*/g. After 14 months of aging, TGA
on the ZnO showed a small mass loss of ~0.4% up to 1000 °C (see Appendix, Figure
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A. 1). SEM images on the precursor (BZCl) and the ZnO particles made from that are

shown in Figure 5.23. BZCI morphology is plate-like with micronsized crystals.

Figure 5.23. SEM images of (A) BZCl and (B) ZnO made of that.

Synchrotron radiation study, TGA-DTA and TGA-MS

In-situ real-time synchrotron radiation study on BZCl revealed surprising
information on this chemical. Crystalline intermediate phases involved during thermal
decomposition of this compound were visualised, see Figure 5.24 and Figure 5.25.
TGA-DTA was performed on both the freshly-made BZCI and the same sample aged
for 13 months, Figure 5.26. TGA results showed that the mass loss of the former
sample is around 26.5% and that of the latter is around 5% more (31.5%).
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Figure 5.24. Colour-coded contour XRD (synchrotron) graph shows the real-time

transformation of BZCl to ZnO. The intensity is colour-coded.
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Figure 5.25. Two projections of 3D-stacked XRD (synchrotron) graphs on BZCL.

Interestingly, it was realised by using TGA that under 100 °C almost no mass loss
occurs for both freshly-made and aged BZCIl samples. This proves that before and after
aging, both samples are free of unbound moisture. The TGA graphs are divided into 4
zones. Mass loss values in Zones A and B for both samples were almost equal. However

mass loss in Zone C and particularly in Zone D has been shown to be increased in the

aged sample relative to the freshly made one, Figure 5.26.

The first transformation at 100-161 °C can be seen as the synchrotron intensity peaks

shrink. This corresponds to dehydration, which is indicated in Reaction 5.11. This is

consistent with Zone A in TGA graph, Figure 5.26.
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Figure 5.26. TGA-DTA on the freshly made BZCI and aged BZCI after 13 months.

Next transformation in the X-ray pattern takes place in the range of 161-197 °C
where the low angle peak corresponding to the BZCI disappears and first signs of
formation of ZnO appear. A new phase also takes form that matches with
Zn0O-ZnCl,-2H,0 (00-045-0819), a lower order zinc hydroxy chloride. This step is
shown in reaction 5.12. In spite of some claims on the probable formation of -
Zn(OH)CI (01-072-0525) in some suggested mechanisms, the XRD pattern was
matched with ZnO-ZnCl,-2H,0 rather than B-Zn(OH)CIl. Chemical formula of these
two phases look quite similar to each other; however these are two different phases with
a slight difference in XRD patterns. DTA shows an endothermic peak corresponding to
this decomposition at ~164 °C. Equivalent of 3 moles of water is released in these two

stages corresponding to Zones A and B in the TGA graph, Figure 5.26.
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ZnsCly(OH)g o "6171%7"C 3Zn0 + ZnO-ZnCly-2H,0 o) + 2H,0(g) 5.12

From this point forward, only one more transformation in the synchrotron data is
observed: all the peaks except those for ZnO disappear, Figure 5.25. This strange
behaviour, which happens at temperatures between 197-225 °C, matches with a small
endothermic peak centred at ~190 °C in the DTA data and a mass loss corresponding to
Zone C in Figure 5.26. Presence of only ZnO at such low temperatures was in
contradiction with the TGA-DTA experiments, which show some other higher
temperature events during thermal decomposition. The only change observed between
197-400 °C in the synchrotron patterns was an increase in intensity of the ZnO peaks.
The intensity of the ZnO peaks then became stable, Figure 5.25. Despite the claims on
the formation and melting of an intermediate compound (ZnCl,), disappearing of X-ray
peaks (except those of ZnO) above 197 °C was assigned to formation of an amorphous
phase, Zn(OH),ZnCl,, from rearrangement and dehydration of the crystalline
intermediate in the previous thermal stage. The amorphous material is formed by
dehydration of ZnO-ZnCl,-2H,0 between 197-225 °C according to Reaction 5.13. It is
important to note that some zinc complexes (e.g. zinc borate - xZnO-yB,03:zH,0) exist
that can hold either crystalline or amorphous structure based on synthesis method and
temperature. It is also known that such complexes do not release their hydration water
up to temperatures around 400 °C [259, 390, 391]. In addition, it is reported that when
layered hydroxide salts are calcined at moderate temperatures of 300-500 °C (depending

on the chemical), amorphous materials may be formed [375, 388, 392].

Zn0O-ZnCly-2H,0  *¥772%°C 7n(OH), ZnCl, (amorphous) + H,O (g 5.13

The last stage of decomposition is quite confusing. It was mentioned that TGA in
different times results in different mass loss values particularly in Zone D, Figure 5.26.
The major reaction involved is believed to be the decomposition of amorphous
Zn(OH); ZnCl, into ZnO by releasing HCI according to reaction 5.14. DTA shows an
endothermic peak corresponding to this stage at around 397 °C. It was also postulated
that other side reactions might be involved in this stage that possibly result in volatile
zinc-bearing materials, which increase the mass loss value as opposed to the theoretical

value. Formation of zinc chloride as proposed by many other authors has been
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investigated by TGA-MS and supplementary sublimation experiments as described in

the following sections.

T >400°C 5.14
x[Zn(OH),"ZnCl, (amorphous) ——— 2Zn0O + 2HCl y)] :

TGA-MS

To investigate whether zinc chloride is involved during thermal decomposition of
BZCl, four TGA-MS experiments on the aged BZCI have been conducted: (1) under
argon atmosphere, heating rate of 4 °C min” and up to 600 °C; (2) under argon
atmosphere, heating rate of 3 °C min” and up to 800 °C; (3 and 4) two tests under air
atmosphere , heating rate of 3 °C min" and up to 900 °C. Surprisingly, fluctuation for
136 a.m.u associated with ZnCl, was not detected in MS, see Figure 5.27. However this
could be due to the condensation of any volatile zinc-containing material evolved in the
furnace in the connecting tube between the furnace and MS unit. The tube temperature
is lower than 200 °C. Therefore any volatile zinc-containing species might be
condensed and trapped in there. HCI, water and CO, were detected by MS. The mass
loss values (in situ TGA) were around 32.2%, 32.6%, 32.4% and 29.5% in these
experiments, respectively (see Appendix). The TGA-MS graphs of the last experiment
are shown in Figure 5.27. It was shown by MS that in Zones C and D (Figure 5.26),
CO; is also involved. Presence of CO; could be due to the adsorption and intercalation
of this species in the interlayer space and/or formation of carbonates that are
decomposed at over 200 °C. Evolution of HCI is confirmed in Zone D. Release of water
has been confirmed up to temperatures around 230 °C with three MS peaks associated

with the TGA Zones A, B and C.

Combining the TGA and MS results suggests that the last stage of decomposition can
occur in quite a broad range of temperatures. For example TGA graphs in Figure 5.26
(see also Appendix) show completion of the decomposition in the last stage between
400 °C to 500 °C, whereas TGA in Figure 5.27 shows that this stage of decomposition
is stretched up to 800 °C. Signal for the HCI in MS also follows the mass loss curve.
Comparing the results shows various patterns of decomposition for the same precursor.
The thermal decomposition behaviour of the BZCI is suggested to be related to the
moisture content of atmosphere under which the material is decomposed. This is

supported by the evidence provided by Kozawa et al., [387] explained previously.
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Figure 5.27. TGA-MS graph on aged BZCl under air atmosphere with a heating rate
of 3 °C min™'. Shown 15 for H,O, I for HCI, 144 for CO, and ;3¢ for ZnCl, are ><109,

X 1012, x10'" and x 1014, respectively.

Sublimation test

Since existence of possible volatile zinc-containing materials during thermal
decomposition of BZCl was not proved by the methods described before, a
supplementary sublimation test has been conducted. A sublimation unit was set up
according to Figure 5.28. Some BZCl was first dehydrated in a preheated oven at 300
°C for 1 hour and then the dehydrated sample was transferred to the sublimation unit
and was heated to 450 °C using a heat gun. It was observed that at such temperature the
solid sample turns to strong greenish-yellow colour. A condensate was formed on the
water-cooled core that is likely to be HCI, which disappeared after some time. A bit
higher than the heating centre on the wall of the vessel, whitish crystals started to form.
By directing the heat gun to these crystals, they melted and by moving the heat gun
away, the crystals were reformed. No boiling was observed from the melt at 450 °C.
After cooling the sublimate was collected and it was observed that these crystals are
quite hygroscopic. TGA-DTA under air flow was conducted on the sublimate, which
showed a mass gain of more than 1% from room temperature up to around 50 °C
followed by losing mass above this temperature. This confirms the hygroscopicity of the
sublimate. Separately a TGA-DTA test was conducted on the zinc chloride dihydrate as

a reference. The graphs were compared, Figure 5.29. The big difference in the mass
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loss values for two compounds can be due to the presence of hydration water in one and
absence in the other. The more dehydrated zinc chloride, the more mass loss can be
observed. It is reported [384, 393] that if hydrated zinc chloride is heated, it does not
form dehydrated zinc chloride; rather it forms Zn(OH)CI that decomposes to ZnO or
ZnCl,. On the other hand dehydrated zinc chloride can undergo boiling rather than
decomposition. See Equations 5.15 to 5.17.

over cooling over heating 5.15

n[ZnClz(g) + 2H20 _— Zl’lClzszO — > 7n0+ 2HC1(g) + HzO(g)]

over cooling over heating 5.16
m[ZnClyg + 2H,0 ————— ZnCly-2H,0 ————— B-Zn(OH)C1 + HCl, +
H;0]

over heating over heating 517
Dehydrated ZHCIZ(S) —_— Zl’lClz(l) —_— ZHC12(g) ’

(et faiter out
— Water in

— T 0 JECULIM

Cold surfacc

HCl condensate H eat fl OW .
White sublimate
Dehydrated

Dehydrated BZCI

Heat gun [.

Figure 5.28. Sublimation set-up to trap the volatile zinc-containing material.

The TGA results confirmed that more than 99% mass loss occurs for the sublimate,
which is almost completely dehydrated. Both materials however show endothermic
peaks at around 300 °C that were assigned to melting point of them since almost no

mass loss can be observed.

XRD was also conducted on the sublimate with some modifications. To avoid
hydration of moisture-sensitive sublimate, a heat-stage was set up in the XRD chamber
and the temperature was set at 100-120 °C. The sublimate was carefully transferred on

the heated stage and XRD was performed with time per step of 5.6 s. XRD showed that
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the sublimate is a mixture of a-ZnCl, (01-074-0519) and B-ZnCl, (01-072-1284), Figure
5.30. No peak associated with B-Zn(OH)CI was detected.
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E 60 . .
= Zinc chloride
=24
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Figure 5.29. TGA-DTA on ZnCl,-2H,0 and ZnCl, sublimate collected.
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Figure 5.30. XRD conducted at 100-120 °C and time per step = 5.6 s on the zinc-
containing sublimate matches with a and B-zinc chlorides. Peaks marked with * are
associated with B-ZnCl, (JC-PDF 01-072-1284) and the rest are related to a-ZnCl, (JC-
PDF 01-074-0519) with major peaks located at 20 = 18.5 © and 29 °.

Consequently, here it was proved that heating of BZCl may form ZnCl,, see

Equation 5.18. Nonetheless amount of ZnCl, formed depends on the moisture content of
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the atmosphere under which the precursor is thermally decomposed. This directly
influences the TGA mass loss value. While the moisture of the atmosphere increases,
the amount of volatile ZnCl, decreases. Presence of moisture shifts the Reaction 5.18
towards left according to the Le Chatelier’s Principle. Consequently the competing
reaction 5.14 dominates (x > y). Therefore for every mole of BZCI decomposed, more
ZnO would be produced (closer values to the theoretical 5 moles of ZnO for every mole
of BZCl decomposed). On the other hand in dry atmospheres some zinc will be

volatilised that results in mass loss values higher than 26.3%.

y[Zn(OH),-ZnCl, (amorphous) T~ *0° ¢ ZnO + ZnCl, @ T HxO] 5.18

It is also worth mentioning that in this work the presence or absence of zinc oxy-
chloride species, Zn,OCl,, could not be identified. This species is reported in [368].

There might be another side reaction involved in the system according to Reaction 5.19.

Zn(OH),*ZnCl, (amorphous) T>400°C Zn,0Clyg) + HoOg) 5.19

—
p—

Mechanism

The thermal decomposition mechanism for the transformation of BZCI into ZnO is

suggested to follow the schematic shown in Scheme 5.2.

ZnsClL(OH)g H,O (cr)

100 — 161 °C | -H,0 | 2ZnO0 (cr) ZnO (cr) + ZnClL (g)
} r
I ]
ZnsClL,(OH); (cr) T > 400 °C || T> 400
-2HCI J| -H,0
161 —197°C | 2H,0 I i_ -
|
I
197 — 225 °C |
3ZnO (cr) Zn0-ZnCL2H,0 (er) feme——r—>| MO ZnCl,
.0 (amorphous)
S )

Scheme 5.2. Schematic of suggested mechanism for thermal transformation of BZCl
into ZnO. Partial side reaction is indicated by dotted arrow, which is responsible for the

excess of mass loss during some TGA experiments.
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5.3.4. Zinc hydroxy nitrate

Zinc hydroxy nitrate in the form of Zns(OH)g(NO;3), was first reported in 1933 by
Feitknecht (hydration state was not mentioned) [334]. In 1964, Weigel et al., in the
course of pyrolysis of zinc nitrate hexahydrate reported the presence of basic zinc
nitrate [394]. Its crystal structure was first established in 1970 by a French group [395]
and independently by a German group [396]. In 1970 Stéhlin and Oswald compared its
crystal structure with those of the basic zinc chloride (reported in 1961) and the basic
zinc carbonate, (reported in 1964) and concluded that they are similar in structure [396].
Interestingly they reported on the chemical bonding of nitrate anions in the structure and
compared that to those of the basic zinc carbonate and chloride. Chemical bonding
modes of anions to zinc atoms in these three materials are different. The carbonates in
basic zinc carbonate coordinate to both octahedral and tetrahedral zinc atoms. The
chlorides in basic zinc chloride only coordinate to tetrahedral zinc atoms whereas in

basic zinc nitrate, nitrates are purely ionic [396].

Zinc hydroxy nitrates can be categorised as Berthollide with general formula of
xZn(NOs3),yZn(OH), zH,0. Four forms of zinc hydroxy nitrate have been reported i.e.
Zns(OH)3(NO3),-2H,0, Zns(OH)g(NOs),, Zn3(OH)4(NO3), and Zn(OH)NO;5-H,O with
the last compound not possessing a layered crystal structure [347, 397, 398]. Layered
Zns(OH)3(NOs),2H,0 (other name: basic zinc nitrate; here abbreviated as BZN; M.W=
622.95) has an interlayer distance of around 9.9 A [399] and is quite similar to
hydrotalcites in structure [379]. Thermal decomposition mechanism of this material was
also a subject of debate [319, 347, 397, 400]. BZN was synthesised according to the

method described in the experimental section.

Thermal decomposition of BZN as a precursor material for ZnO was investigated. A
combination of real-time synchrotron radiation study, laboratory XRD, TGA-DTA and
TGA-MS was applied to identify the crystalline intermediate phases and gaseous

products.

Characterisation, BET surface area measurement and microscopy

Using laboratory XRD (Cu Ka), the product was characterised as
Zns(OH)3(NOs3),-2H,0 (01-072-0627), Figure 5.31, bottom graph. Some BZN was then
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calcined in two consecutive isothermal stages: (1) at 250 °C for one hour and (2) at 300
°C for an extra one hour. The product of the 1% stage calcination was characterised by
XRD to be a mixture of Zn3(NO;),(OH)s (00-052-0627) and ZnO (01-070-2551),
Figure 5.31, middle graph. Mass loss of the white powder was 14.64% (theoretical
mass loss is ~34.7%, on the basis of complete conversion to ZnO). XRD on the product
of the 2™ stage calcination showed only ZnO, Figure 5.31. BET specific surface area of
the as-produced ZnO was 1.6 m*/g. SEM images on the precursor (BZN) and the ZnO
particles made from that are shown in Figure 5.32. BZN is composed of well-defined
square-shape plates with micronised crystals. The resulting ZnO 1is highly crystalline

with a particle size of 200-500 nm.
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Figure 5.31. XRD results on (bottom graph) BZN; (middle graph) calcined BZN for
1 hour at 250 °C; (top graph) calcined BZN for 1 hour at 250 °C plus 1 hour at 300 °C.

Figure 5.32. SEM images of (A) BZN and (B) ZnO made of that.
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Synchrotron radiation study and TGA-DTA

TGA-DTA on BZN showed 33.8% mass loss, which is quite close to the theoretical
value of ~34.7% for the complete decomposition of this material to ZnO, Figure 5.35.
By TGA, it was demonstrated that decomposition of BZN into ZnO is complete at
around 250 °C. DTA shows three endothermic peaks centred at 110 °C, 165 °C and 202
°C. In-situ real-time synchrotron radiation study on BZN has been conducted to
visualise the crystalline intermediate phases evolved during thermal decomposition of
this compound, see Figure 5.33 and Figure 5.34. Below 94 °C, only peaks associated
with BZN dihydrate can be observed. In the range of 94-134 °C, the first phase
transformation occurs that corresponds to dehydration of BZN according to reaction
5.20. In this range, new peaks associated with dehydrated BZN can be observed. This is
consistent with TGA-DTA data.

[}

94-134°C 5.20
ZH50\IO3)2(OH)8‘2H20 —— Zn5m03)2(OH)8 + 2H20

600 T T 14
@ 400} S
E , |
£ 300} s o
: " :

200 ‘ ' l -
-

ool [ (111 | | B

N PR 1) ) | | 4
10 20 30 40 50 60
20 (Synchrotron)

Figure 5.33. Colour-coded contour XRD (synchrotron) graph shows the real-time

transformation of BZN to ZnO. The intensity is colour-coded.

Next transformation in the X-ray pattern takes place in the range of 134-199 °C
where the low angle peaks corresponding to the dehydrated BZN disappear along with
the formation of peaks associated with a lower-order zinc hydroxyl-nitrate,
Zn3(NO3)2(OH)4 and the first signs of formation of ZnO. This stage is shown in reaction
5.21. At around 220 °C, all peaks related to Zn3(NO3),(OH)4 vanish and only ZnO
peaks can be detected. This is again in complete accordance with the TGA-DTA data on
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BZN. Importantly the peak intensity of the ZnO remains almost constant after the
completion of decomposition of BZN over 220 °C, see Figure 5.34. This finding shows
that there is no significant crystal growth for ZnO by increasing the temperature to 600

°C.
134-199°C 5.21

Zns5(NO3)2(OH)s — 2Zn0 + Zn3(NO3),(OH)4 + 2H,0 )
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Figure 5.34. Two projections of 3D-stacked XRD (synchrotron) graphs on BZN.
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Figure 5.35. TGA-DTA on BZN.
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The last stage of the decomposition was a matter of discrepancy. For example,

Biswick et al., [347], proposed that in this stage of decomposition anhydrous zinc

nitrate is produced. But they could not observe any X-ray signal associated with the

proposed phase. They explained that this is because this phase is poorly crystallised. On

the other hand Auffredic and Louér did not consider the formation of anhydrous zinc

nitrate [397]. To clarify this issue and characterise the evolved gaseous species,

simultaneous TGA-MS tests have been performed on BZN according to Table 5.2.

Table 5.2. TGA-MS experiments conditions and species tested.

Heating Rate TG . . .
Exp. ©C- min") Atm. (%) Tonic currents investigated
12 (CY), Lis (H,0), Ly (N, /CO"), I
MSI1 1.5 Ar 32.5
(NO), 133 (03", Lua, 146 (NO;"), Is3 (HNO53 ")

MS2 2 Ar 32 I15(H,0"), Iy (NO"), I3, (0,"), 115 (NO,")

Iig(Hy,0"), g (N,'/CO"), Iy (NO"), I5,
MS3 3 Ar 33

(021, Lua, 115 (NO,), Is3 (HNO3)

MS4 5 Air | 31.8 | [15(Hy0"), I3 (NO"), I3 (05"), L5 (NOy")
MS5 10 Ar 353 118 (H2O+)’ 128 (N2+/CO+)9 130 (N0+)9 132

(02, Lug, 145 (NO,"), I3 (HNO3")
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Figure 5.36. TGA-MS graphs for MS1. I, for C* and 44 are shown x10'% and x10"",
respectively. /13 for H,O, I5; for O,, I3y for NO, Iy for NO; and /g3 for HNO; are shown

X 109, X 1010, X 1010, x10'? and x 1014, respectively.
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Figure 5.37. TGA-MS graphs for MS2. I;5 for H,O, I5o for NO, /4 for NO; and /3, for
0, are shown x10%, x10'°, x10'" and x10"%, respectively.
In all experiments, release of H,O, NO, and NO has been confirmed (Figure 5.36 to

Figure 5.40. Evolution of oxygen in all experiments was confirmed except under air

atmosphere due to the dilution of system. Evolution of N,, N,O, HNO;, CO, and CO
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during decomposition of BZN was also considered. In MS1, MS3 and MS5 almost no
fluctuation for Ls (N, or CO") signal has been detected. Therefore release of N, or CO
is not probable in this system. Release of traces of nitric acid was detected in MS1, MS3
and MS5 but the amplitude of Is; (HNO;") was significantly lower than those of the
other species. But it (/s3) was gradually increasing with temperature, with a broad peak

centred at the very last step of decomposition.
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Figure 5.38. TGA-MS graphs for MS3. Io4 (x10'") for N;O or CO, is indicated by .
I3 (x10™) for HNO; by & and 59 (x10'%) for NO is indicated # by and L (x10'") for
NO; is indicated by . [;3 for H;O and I3, for O, are Shown x10° and ><1010,

respectively.
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Figure 5.39. TGA-MS graphs for MS4. I3 for H;O and 75 for NO and /4 for NO,

are shown x10°,x10'"and x10'°, respectively.
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Figure 5.40. TGA-MS graphs for MS5. 144 and I3 for H,O and /5, for O, and /g3 for
HNOj5 are shown x 1010, x10” and x 1013, respectively. Shown I3y for NO and /46 for NO,

are x10'" and x10'", respectively.

In MS1, MS3 and MSS5, possibility of release of N,O and CO, was considered. The
144 signal showed an interesting pattern in all three cases with peaks in at least two
regions. The first release occurs at temperatures in the range of ~150-200 °C and the 2™
one at slightly higher temperatures, in the range of ~250-300 °C (which depends on
heating rate). At lower heating rates (see Figure 5.36), the lower temperature evolution
breaks into two shoulders. By increasing the heating rate, two shoulders merge and form
one peak (see Figure 5.38 and Figure 5.40). Since the ionic current /44 corresponds to

both N>O and CO; (I44 = I¢p4 + Iy,0+), distinguishing between these two species just

by considering this signal is not possible. As a result, the /;; signal as a unique
indication for existence of C* was also considered. The I;, channel is a result of
fractionation of CO, due to the electron impact. Based on the set-up of the MS
instrument, the ratio of /1,/l44 would be approximately 6% in the absence of N;O.
Presence of N,O would result in the decrease of this ratio. It was noticed that at certain
cycles where the peaks appear, the ratio is approximately 8%. This is one indication that
N»O is not evolved in this system. Another important indication for the presence of only

CO; is that 1), curve follows the 44 curve with exactly the same pattern (Figure 5.36).
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Therefore it seems that only CO, evolution is responsible for such behaviour.
Nevertheless the existence of nitrous oxide in this system could not be disproved by
only using these techniques. It was concluded that presence of CO, may be due to its
absorption from atmosphere and intercalation in the interlayer distance similar to the

case of BZCI described before.

In this work, it was confirmed that during the 1** and 2™ stages of decomposition,
only water is involved that is accepted by consensus by other authors as well. This was
already shown in Reactions 5.20 and 5.21. While /5 signals show a declining trend with
three to four peaks involved in MS1-MS4, ;5 signal in MS5 shows a gradual inclining
trend with a broad peak occurring at the same time with nitrogen oxide and oxygen at

around 300 °C (see Figure 5.40 and Figure 5.41).
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Figure 5.41. I3 (H20+) curves for various heating rates.

Considering the TGA-MS results obtained from MSI1-MS5 (see Figure 5.36 to
Figure 5.41), it was concluded that decomposition pattern of BZN is a complex
function of rate of heating as well. It seems that water is always present up to the last
stage where BZN decomposition undergoes completion. However its major evolution
occurs at lower temperatures. In all MS experiments, the ion intensity associated with
NO was relatively higher than that of NO,. In MS1, it was shown that four peaks for
water are involved last one of which is the smallest. The pattern of evolution of nitrogen
oxides changes dramatically with rate of heating. In MS1 (Figure 5.36), NO and NO,
release happens only at one stage together with oxygen. In MS2 (Figure 5.37), their
evolution breaks into two sections with the minor peak centred at ~220 °C with no sign
of oxygen followed by the major release at ~250 °C together with oxygen. In MS3
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(Figure 5.38), evolution of nitrogen oxides and oxygen is similar to MS1 but at slightly
higher temperature. In MS4 (Figure 5.39), NO, only shows only one peak, but NO
shows a broad minor peak followed by the major peak together with NO,. In MS5
(Figure 5.40), release of nitrogen oxides and oxygen is again similar to MS1 and MS3,
but at slightly higher temperatures around 300 °C. Mass loss curves that follow the

release pattern of the gaseous species change shape as well, see Figure 5.42.
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Figure 5.42. TGA comparative graphs obtained during TGA-MS tests.

Ion intensity fraction for NO, NO; and O, versus rate of heating during the TGA-MS
studies is summarised in Table 5.3. It was observed that the composition of the gaseous
materials evolved during the thermal decomposition of BZN depends on the rate of

heating. This is also shown in Figure 5.43.

Table 5.3. Ton intensity fraction for NO (X), NO; (Y) and O, (Z) vs. rate of heating.

Rate of Heating X=Lo/( Lot Y= lao/( Lot las 2= Io/( L30T Las
(°C/min) Lig+ I5) + 1) + 1)
1.5 0.37 0.01 0.62
2 0.88 0.11 0.01
3 0.50 0.03 0.47
10 0.54 0.05 0.41
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Figure 5.43. Fraction of ionic currents for NO (X), NO; (Y) and O, (Z) vs. rate of
heating.

Despite the claim in the literature regarding the formation of amorphous anhydrous
zinc nitrate as an intermediate compound to justify the strange thermal behaviour of
BZN [347], it is quite unlikely that normal zinc nitrate forms and decomposes to ZnO.
Some authors mentioned that anhydrous by heating the hydrated zinc nitrate,
Zn(NO3),-nH,0, anhydrous zinc nitrate cannot be formed [401, 402] and some state the
opposite [403]. What is known, however, is that during pyrolysis of hydrated zinc
nitrate, zinc hydroxy nitrate species may be formed [394, 401-403]. As shown in [402]
and also in this work on zinc nitrate hexahydrate, thermal decomposition of zinc nitrate
needs temperatures over 300 °C the last stage of which involves the release of water and
nitrogen oxides and oxygen simultaneously (see Figure 5.44). On the other hand
decomposition of BZN to ZnO undergoes completion at fairly lower temperatures with
a different pattern (compare Figure 5.42 with Figure 5.44). Considering these and also
based on the isothermal calcination experiment at 250 °C for 1 hour, which was
explained before, presence of normal zinc nitrate as an intermediate in the last stage of

decomposition is quite unlikely.

What can probably be concluded by applying a combination of techniques is that
after the 2™ stage of decomposition, destruction of layered structure of Zn3(NO3),(OH)4
into ZnO takes place. In Zn3(NO3),(OH), structure, nitrates are located in the interlayer
distance holding the layers together. Decomposition of this layered compound takes
place continuously with dehydroxylation kinetically faster than the major release of the
nitrogen oxides and oxygen (depending on the heating rate). Therefore an extended

decomposition pattern can be seen, which looks like that it is in two separate stages; but
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in fact it is a single-stage process, which does not necessarily form any other stable

intermediate phase. This is shown in Reaction 5.22.
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Figure 5.44. TGA-MS on Zn(NOs),-6H,0 under argon with a heating rate of 4 °C
min”. It can be seen that decomposition of Zn(NO;), undergoes completion at
temperatures over 324 °C with the release of nitrogen oxide species. /5 for H,O, I3, for
O,, I3y for NO, I4 for NO, and I44 are shown ><109, x10° and ><109, x10'° and XlOlO,

respectively.

T >199°C 5.22
x[Zn3(NO;),(OH); —— 3Zn0O + 2H,0 +(2n)NO + (2-2rn)NO, + )

[(2n+1)/2]05]

Besides, detection of traces of nitric acid might be due to either direct decomposition
of Zn3(NO;)>(OH)4 according to Reaction 5.23 or more probably due the reverse
reaction between nitrogen oxides, oxygen and water in the system according to
Reactions 5.24 and 5.25 with 0 < zand t < 1. Reactions 5.24 and 5.25 are quite
temperature and pressure sensitive. Lower temperatures and higher pressures result in a

shift towards right in Reaction 5.24. In Reactions 5.22 and 5.23, x + y = 1.

T >199°C 5.23
y[an(NO3)2(OH)4 — 37Zn0 + 2HNO3 + HQO] )
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Z(2NO + 0, = 2NO, = N,0,) 5.24
#{(3NO, + H,O = 2HNO; + NO) 5.25

It is also important to mention that oxygen is a result of decomposition of nitrate
anions according to Reaction 5.26 [404] with 0 < n < 1. Based on the MS experiments,
it seems that # is a function of heating rate with more probably 0.5 < n < 1 (see Table

5.3 and Figure 5.43).

NOy — ()NO + (1-))NOs + [(2n+1)/4]05 + (1/2)0% 5.26

Mechanism

The thermal decomposition mechanism for the transformation of BZN to ZnO is

suggested to follow Scheme 5.3.

94 — 134°C
Zns{NO;),(OH)g2H,0 (er) | b—0o—=x |  Zns{NO:},{OH); (cr)
2H,0 134 — 199°C
3ZnO (cr)
T > 199°C 2Zn0 (cr)
s (2n)NO {g)
|
|
== == [2n+2)/2]0, (g) 2"3‘”03’2‘°“’4|‘°”
|
! :
k—— = (2-2n)NOy(g) |e ’ 2H,0
I . > 2 I -
: . . | T > 199°C
1 Partial "-————"rlﬂ————-' I
I Reactions I}] Partial Reaction 1
| |I ¥
| QR NO (g) e — 1— HNO, 2HNO;

Scheme 5.3. Schematic of suggested mechanism for thermal transformation of BZN

to ZnO. Dotted arrows represent probable side reactions that are not balanced.
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5.3.5. Zinc hydroxy acetate

Zinc hydroxy acetate should not be confused with a zinc oxy-acetate complex with
the nominal formula of ZnsO(CH3CO,)s and a cubic crystal structure, which was first
reported in 1924 [405, 406]. Zinc oxy-acetate in some works has been called “basic zinc
acetate” [405, 407]. In others e.g. [314, 324, 330, 408] zinc hydroxy acetate was
labelled as a basic salt. A basic salt is a “hydroxy” salt of a metal with a general formula
[M(OH),][A" ]xn (M = metal, A = Anion) [345]. There are also a few other related
compounds, including the ordinary zinc acetate salt, which can be hydrated or

anhydrous, and a polymeric zinc oxydiacetate, Zn(C4H4O5)(H20),-H,O [409].

Morioka et al., showed that it is possible to exchange the inorganic anions such as
nitrate in the zinc hydroxide salts with organic anions with various chain sizes [373].
Organic basic zinc salts can be categorised as Berthollide compounds with general
formula of xZn(CH3(CH;),COO),yZn(OH),-nH,O similar to the inorganic anionic
species with the only difference that the anions located in the interlayer distance are

organic. When z = 0, zinc hydroxy acetate is formed.

In this work, synthesis of pure basic zinc acetate of type Zns(OH)s(CH3CO;),-nH,0O
(abbreviated as BZA) and its transformation by calcination to ZnO were of interest for

the purpose of producing so-called ‘nano-zinc oxide’.

Zns(OH)3(CH3CO;),'nH,O is a layered hydroxide, comprised of sheets of
[Zn°®3{Zn""™(OH);},(OH),]*" with intercalated anions [324, 373], in this case
[CH3CO,]". Nevertheless the mode of chemical bonding of acetate in the interlayer
distance has been under debate as well. Although it was stated, only based on FTIR
spectroscopy, that the bonding of acetates to zinc cations are purely ionic [348] or
unidentate/chelating [410, 411], it is known that coordination mode of carboxylates
cannot be resolved based on FTIR data only [412]. This issue will be resolved in this

work using solid-state NMR.

On the other hand, the number of waters of crystallisation 7 is reported to be between
1.5 and 4 (depending on the synthesis method), with the different values for n solely
deduced from the observed TGA mass loss values (the theoretical mass loss upon

complete conversion to ZnO is 34.0% if n =2 and 37.7% if n = 4).
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Several synthesis routes are reported. For example, Zns(OH)s(CH3CO,),-nH,0 can
be made by titrating zinc acetate solution with an alkaline solution such as sodium
hydroxide [348, 373] or by reaction of ZnO powder with zinc acetate solution [413] or
by anion exchange reaction between zinc hydroxy chloride and zinc acetate dihydrate
[414]. Formation of pure Zns(OH)s(CH3CO;),-nH,O by ammonium hydroxide [408] or
in alcohol media [323, 324, 415] have been also claimed, which are sources of

confusion.

Surprisingly, to date, the influence of the inclusion of organic or inorganic materials
used during reactions to synthesise pure Zns(OH)g(CH3CO;),-nH,O, which were
assumed to be non-reactive have not been considered in most of the publications. In this
work this puzzle is resolved and it was shown that presence of such materials in the
system not only may change the chemical composition (formula) of the layered zinc

complex, but also may result in the expansion of the interlayer distance.

Table 5.4 summarises some reports on Zn,(OH),Ac..nH,O type compounds (Ac =
CH;COs; here), and the associated values of the interlayer spacing(s) and the synthetic
route (note that generated chemical formula in all reports only include zinc, hydroxide,

acetate and water).
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Table 5.4. Layered zinc hydroxy-acetates of the Zn,(OH),Ac, nH,O family, Ac = acetate [CH3;CO,]". The interlayer d-spacings are obtained

from the text of the source or by analysing the published X-ray diffraction pattern.

As reported nominal y, z and » if | Interlayer d- | Synthesis route Waters of hydration if formula | Ref.
(Zny(OH)yAc, nH,0) x=1 spacing, nm is written as Zns(OH)gAc,
Zn(OH); s3A ¢ 4°0.31H,0 1.6,0.4,0.3 1.47 @t In ethanol/ethylene glycol/1,2-propandiol mixture 1.55 [323]
Zns(OH)sAc,3H,0 1.6,0.4, 0.6 1.38 Anion exchange reaction between zinc hydroxy chloride | 3.0 [414]
and zinc acetate dihydrate for 48hr

Zns(OH)sAc, 2H,0 1.6,0.4,0.4 1.34 & 1.64 Zn0O-Zn(Ac), reaction for 24 hr 2 [416]
Zns(OH)sAc, 2H,0 1.6,0.4,0.4 1.34 NaOH titration 2 [314]
Zns(OH)sAc, 2H,0 1.6,0.38, 0.63 ™2 1.34 &2.02 NaOH titration 2 [373]
Zns(OH)sAc,-4H,0 1.6,04,0.8 1.36 & 1.92 Zn0O-Zn(Ac), reaction for 24 hr 4 [413, 417]
Zns(OH)sAc, 2H,0 1.6,0.4,0.4 1.33 & 1.98 ™9 | In ammonia 2 [408]
Zns(OH)sAc,-4H,0 1.6,0.4,0.8 1.34 (0D NaOH titration 4 [348]
Zns(OH)sAc, 1.6,0.4,0 - NaOH titration 0 [348]
Zn3(OH)sAc, 1.33,0.66, 0 0.95 NaOH titration 0 [348]
Zns(OH)sAc,-4H,0 1.6,0.4,0.8 1.34 (0D NaOH titration 4 [418]
Zns(OH)sAc,-2H,0 1.6,0.4,0.4 1.31to 1.44 ™9 | In methanol 2 [324]
Zns(OH)sAc, 2H,0 1.6,04,0.4 1.47 In methanol 2 [415]
Zns(OH)sAc,2H,0 1.6,04,04 1.240< D In water, hexamethylenetetramine and sodium citrate 2 [419]
Zn(OH), 75(CH5CO3)026-0.57H,0 1.8,03,0.6 133 &2.03 In ammonia 2.9 [410]
Zn(OH); 6Ac4-0.7H,O 1.6,0.4,0.7 1.34 Hydrolysis 35 [411]




As reported nominal y, z and » if | Interlayer d- | Synthesis route Waters of hydration if formula | Ref.
(Zny(OH)yAc, nH,0) x=1 spacing, nm written at Zns(OH)sAc,

Zn(OH); 4Ac¢6°0.8H,O 1.4,0.6,0.8 134 & 2.1 Hydrolysis 4.0 [411]
[Zn(C4H405)(H,0),]-H,O 4,2,0 0.76 Aging in oxydiacetic acid - [409]
Zn(OH),Ac¢, cH20 - 1.32 & 191 In ammonia combined with CTAB - [420]
Zn(OH), 75A¢26°0.57H,0 1.8,0.3,0.6 136 & 1.77 & | In ammonia 2.9 [421]

2.05
Zns(OH)sAc, 2H,0 mixed with &-Zn(OH), 1.6,04,0.4 1.34&2.0 In ammonia 2 [422]

Note 1. Due to the limited range of 260 sampled, a peak with a d-spacing of >1.75 nm cannot be excluded.
Note 2. Based on reported content of C and H and taking ratio of OH to Zn to be fixed at 1.6.
Note 3. Based on location of probable second order peak at d=0.99 nm. Due to the limited range of 20 sampled, a first order peak with d = 1.98 nm would have been missed.

Note 4. Expansion of the interlayer distance (due to the presence of methanol) has been shown as a function of time but was not recognised as such.



Chapter 5

Powder XRD patterns show a strong (001) reflection associated with the interlayer
distance between the sheets usually at about d = 1.34 nm. 2™-order (002) and 3"-order
(003) peaks associated with the 001 reflection are centred at 0.67 nm and 0.45 nm,
respectively. However, there is as much as +0.15 nm variation in the values of d
between various authors, which seems to be somehow related to the synthetic method.
This is more than would be anticipated by inter-laboratory scatter and is evidently
caused by variable composition and/or stoichiometry that in turn affect the structure
[323, 324]. The crystal structure is similar to that of brucite [348, 413], a layered
Mg(OH),, and as such would be expected to exhibit turbostratic disorder, that is, the
brucite-like sheets can be twisted and translated relative to one another, inducing

broadening and asymmetry in high angle reflections [323].

Another important observation based on XRD in several cases including results from
the current work is the presence of peak(s) associated with d-spacing(s) larger than the
usual interlayer distance. These peaks however are much less intense as opposed to the
major low angle 001 reflection. Also position of these peaks varies as much as +0.35
nm. In synthetic routes other than the ones using pure water, the difference may be due
to the formation of non-pure zinc hydroxy acetate because of co-intercalation. Also
changes in the interlayer distance and also lower angle X-ray peaks’ positions can be
observed. Most of the disparities between the d-spacing values can be observed in the
methods that used organic solvents such as methanol, ethanol, ethylene glycol (EG) and
1,2-propandiol and also methods that used ammonia solutions. The authors in most
cases simply did not consider the effect of species originating from the solvents on the
end-product. Hosono et al., showed the expansion of the interlayer distance after aging
the material claimed to be Zns(OH)s(Ac),-2H,O in methanol. This expansion was
assigned to intercalation of more than stoichiometric acetate groups in the gallery space.
Here the possible reactivity of methanol has not been considered [324]. Kasai and
Fujihara showed the possibility of intercalation of ethylene glycol into the structure of a
precursor claimed to be Zns(OH)g(Ac),:2H,0 to form a hybrid material with a reported
composition of Zns(OH)g(Ac),(HOC,H4OH),-2H,0. Nevertheless in this work also the
precursor used for intercalation of EG was produced in anhydrous methanol [415].
Another group with reference to [415] successfully intercalated ethylene glycolate
anions (O,C,H5") into layered yttrium hydroxy species [423]. In the work by Poul et al.,

[323], where zinc acetate was dissolved in a mixture of diethylene glycol/1,2-
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propandiol/ethanol with concentrations of 0.5/0.5/0.1 molar, respectively, it was noticed
that other compositions for the as-synthesised material (claimed to be
Zn(OH); ssAco42°0.31H,0 by chemical analysis on Zn, C and H) might be possible.
Interestingly carbon content was ~13% higher than expected based on the reported
formula if only acetate is involved. In 2006 this issue in a new publication has been
mentioned, but surprisingly the authors referred to this as a physical adsorption of
polyols on the particles and excluded the effect of alcohols on the product’s chemical
composition [424]. In the current work it was shown that this assumption does not apply
to such materials due to the possible side-reactions or co-intercalation of unwanted
materials in the product. Similarly ammonia may be intercalated into the layered
materials and forms ammine intercalation compounds. This may also result in

expansion of the interlayer distance [425, 426].

These observations raise the question of whether it is possible to synthesise pure zinc
hydroxy acetate in alcohol or ammonia environments. Do alcohols only act as solvents
or are there chemical reactions between these materials? Could it be that some of the
observed shifts in the XRD patterns obtained on the as-synthesised layered materials
correspond to intercalation of some impurities or changes in the coordination modes?
And as a result of these changes, could it be still presumed that the materials formed in

the non-aqueous systems are the same as the ones made in only water?

Uncertainty regarding the presence and role of various intermediates and products
such as acetone, acetic acid, acetic anhydride, zinc oxy-acetate, anhydrous zinc acetate,
anhydrous Zns(OH)s(Ac), and Zn3(OH)s(Ac), during thermal decomposition of the
BZA also raised some debates [323, 348, 413].

Here production of zinc hydroxy acetate dihydrate is reported. Evidence for
assigning two waters of hydration as opposed to other reported numbers is provided.
Also evidence for the effect of alcohols on BZA is provided. Chemical bonding type of
acetate in the interlayer distance is also resolved. It was previously presumed that
alcohols that are used for solvation do not affect the chemical composition of the

product. Here it is shown that BZA is sensitive to the medium in which it is produced.
Precipitation of BZA dihydrate (M.W=616.9) proceeds according to Reaction 5.27.

8NaOH(aq)+ SZn(Ac)z‘ZHzo(aq) — ZHS(OH)S(AC)z‘szom + 8Na(Ac) (aq) 5.27
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Characterisation, BET surface area measurement and microscopy

Comparison of the X-ray diffraction pattern, Figure 5.45, with reported patterns
[314, 416] indicated that the compound produced in the current work is similar to the
compound with the nominal stoichiometry of Zns(OH)g(Ac),-nH,0. The most intense
001 peak in our X-ray result corresponds to 1.34 nm of d-spacing. Also other lower
angle peaks (but less intense) corresponding to 1.42 nm, 1.49 nm and 1.75 nm of d-
spacing were observed. Two peaks located at around 1.42 nm and 1.49 nm are almost
buried under the asymmetric 1.34 nm peak. These peaks become more visible when the
material is heated and the layered structure starts to be destroyed (see Appendix, Figure
A. 5 for the resolved d-spacing of low-angle peaks). 2™-order (002) and 3"-order (003)
peaks associated with the 001 reflection were detected at 0.67 nm and 0.44 nm,

respectively.
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Figure 5.45. X-ray diffraction pattern of as-synthesised BZA. The positions of d-
spacings at 1.42 and 1.49 nm are resolved from synchrotron data using Split-Pearson

VI1I distribution function.

Evidence for the presence of lower-angle peak(s) below the major interlayer distance
peak for this class of materials is available in the published literature [373, 411, 420,
421, 427]. In some cases where only one peak is reported [324, 348, 419], the range of
20 angles used in the X-ray diffraction patterns was insufficient to include any peaks for

d-spacings greater than 1.7 nm anyway. From these observations and the data in

Table 5.4 it was concluded that (1) multiple low-angle peaks are the norm not the

exception for this compound, and (2) different reported interlayer spacings are due to
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the actual chemical composition of the compound, which depends on the synthetic

route. Possibly, pure BZA dihydrate can only be synthesised in pure water.

A bulk sample of BZA that was calcined at 400 °C for two hours was found by XRD
(Cu Ka) to be ZnO (01-089-0510), Figure 5.46 with a BET specific surface area of 15.4
mz/g. The whiteness of the ZnO produced from BZA was lower than the products
produced from other basic zinc salts mentioned before but the specific surface area is

relatively high.
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Figure 5.46. XRD (Cu Ka) on the product shows peaks associated with ZnO.

SEM images of the BZA powder and the resultant ZnO particles are shown in Figure
5.47 while TEM images, Figure 5.48, shows that the diameters of the individual ZnO
crystals in Figure 5.48 are in the range of 20 to 100 nm (average = 41.1 nm, s = 21.1

nm, n = 111 crystals, each measured in two directions).

Figure 5.47. SEM images of (A) BZA and (B) the calcination product, ZnO.
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Figure 5.48. Transmission electron images of the ZnO nanocrystals formed by

calcination at 400 °C. The characteristic hexagonal crystal habit of ZnO is clearly

visible in some of the larger particles (courtesy of Dr A. Dowd).

FTIR spectroscopy

FTIR spectra are useful means for differentiating between coordination types of
carboxylate to metal. Various forms of coordination of the carboxylate to metal can
exist: (1) unidentate, (2) chelating, (3) bridging bidentate in a syn-syn, syn-anti or anti-
anti configurations, and (4) monatomic bridging alone, with additional bridging, or in
configurations involving chelation and bridging [428]. In addition to coordination
configurations, ionic bonds are also possible [428]. There is an empirical correlation
between the carboxylate stretching frequencies and the types of its coordination to
divalent metal cation. Frequency separation between the COO™ antisymmetric and
symmetric stretches (Av, s = v, (COO) - vs (COO)) and the types of carboxylate
bonding to divalent metal cations can be expressed as Av,_s (unidentate) > Av, s (ionic) >
Av, s (bridging bidentate) > Av, ¢ (chelating) [428]. The corresponding value for sodium
acetate is reported to be Av, { = 164 cm’! [429, 430], which is attributed to free (ionic)
carboxylate ion. It is reported that the bridging bidentate mode results in COO
frequency separation smaller than or almost equal to ionic value [428]. Nevertheless
distinguishing between these coordination modes only by an IR technique is not

conclusive [412] and there are reports that this sort of coordination assignment might be
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wrong in some cases [428]. Therefore combination of FTIR and other techniques such

as solid-state NMR can provide better understanding of the bonding modes. In this work

for the first time, solid NMR on BZA has been performed, which is explained shortly.
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Figure 5.49. FTIR spectrum of BZA dihydrate.

FTIR spectrum of BZA and associated spectral assignments are shown in Figure

5.49 and Table 5.5, respectively. A broad band centred at around 3403 cm™ indicates

the resonation of coordinated water molecules in the crystal lattice [429, 431]. There is a

major COO" frequency separation (Av,_) of 1552-1394 = 158 cm™'. This value is less

than 164 cm™” for sodium acetate with the ionic bonding and thus might suggest a

bridging bidentate or chelating coordination types. This is not, however, conclusive

when only based on IR data.

Table 5.5. FTIR spectral assignments for BZA.

Peak label ~ Wavenumbers (cm™) Assignments Ref
a 3577, 3479, 3403 OH stretching vibrations [429, 432]
b 1612w, 1583w, 1552 COQ" antisymmetric stretch ~ [348, 432]
c 1456w, 1419w, 1394 COQO" symmetric stretch [410]

d 1336 CHj; symmetric bending [410, 433]
e 1039w, 1016 CH; rocking [410, 433]

Note: “w” denotes weak signal.
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CP-MAS 3C NMR

The CP-MAS "*C NMR spectrum of BZA is shown in Figure 5.50. Two signals
assigned to resonances of the carbon atoms associated with the CH; and C=0O groups
were observed at 25 and 180 ppm, respectively. Chemical shift associated with carbonyl
carbon depends on the coordination mode and also on the coordination number of metal
ion [412]. This technique has proven useful to distinguish acetate/metal coordination
modes [412]. Although it was claimed only based on FTIR that the bonding of acetates
to zinc cations in BZA are purely ionic [348] or unidentate/chelating [410, 411], it is
known that the coordination mode of carboxylates cannot be resolved using only FTIR

data [412].

Comparison of the current signals with the CP-MAS "“C NMR chemical shifts of
carbonyl groups in related zinc compounds that bear carboxylate groups [412] suggests
that the acetate group is coordinated in a bidentate bridging fashion. Importantly relative
to chelating coordination of the carbonyl group (which appears at around 184 ppm) the
chemical shifts of unidentate and bidentate types undergo about 8 and 4 ppm upfield
shift, respectively [412]. This is consistent with the observed signal at 180 ppm.

200 150 100 50 0 ppm

Figure 5.50. CP-MAS >C NMR spectra of BZA.
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TGA-DTA

TGA-DTA, Figure 5.51, showed a mass loss of 37.4% upon heating up to 1000 °C
(Note that zones are only used for simplicity; some reactions can overlap between
zones). This would ostensibly suggest that n = 4 if all the mass loss were due to the
decomposition of the precursor into only ZnO. This conclusion has been drawn by some
previous workers in the field [348, 413]. The sample contains ~0.9% of unbound water
up to the temperature of ~60 °C. As shown in the section on sublimation below, the
thermal decomposition involves the formation of some volatile zinc species calculated
to be responsible for an excess mass of ~1.8-2.9%. Therefore, a lower value of n = 2 is
concluded, in agreement with the work of Morioka ef al., and Cui et al., [373, 408], see

Sublimation test section and Appendix.

TG (%)

.AT (°O)

Temperature (°C)

Figure 5.51. TGA-DTA in air on BZA with heating rate of 5 °C min™.

An endothermic process at 82 °C (zone 1) is associated with a 5.8% mass loss up to
from 60-93 °C. This has been assigned to dehydration. A second endothermic process at
93-147 °C (zone 2) corresponds to a 12.3% mass loss. Note that mass loss in 60-147 °C
(zone 1 and 2) is 18.1% that is quite close to theoretical mass loss (17.5%) associated
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with release of six moles of water. The ZnAc, steadily decomposes in zone 3 at 147 to
250 °C with an exothermic peak centred at 242.3 °C with an associated mass loss of

14.7%. At 362.3 °C a broad exothermic peak can be detected, which is associated with
2.7% mass loss at 250 to 400 °C.

Synchrotron radiation study

Figure 5.52 and Figure 5.53 show X-ray diffraction patterns data collected from in-

situ real-time calcination experiments using synchrotron radiation.
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Figure 5.52. Colour-coded contour graphs generated from XRD (synchrotron) data
show the real-time transformation of BZA to ZnO. The intensity is colour-coded. Top

and bottom contour graphs show different ranges of 20 vs. temperature.
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Figure 5.53. 3D-stacked XRD (synchrotron) graphs from different views and in

different ranges of temperatures for clarity.

183



Chapter 5

cxo’ 1125 C
" A A P .
T __%BC
‘l.
l/ 68.2 C
5l B Yt
~
= Z.U 475C
. \ M
S i
; |/ 27C
[l —— = —— M
)
o py
7]
=
Q) sooor
)
: 7000}
et 6000}
5000}
4000
3000
2000
1000
( TT. .?,,. - .Y -.,...??

) P
7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

20 (°, Cu Ko)

Figure 5.54. XRD data collected from 27 to 113 °C in a synchrotron. 20 values are
converted to corresponding Cu Ka values for comparison reasons. Peaks marked with *
correspond to ZnO and stick lines correspond to anhydrous zinc acetate (JC-PDF 00-

001-0089).

As shown in Figure 5.54, up to 68 °C, XRD shows peaks associated with d-spacings
of 1.34 nm and 1.75 nm and two other peaks, which were deconvoluted to be located at
1.42 nm and 1.49 nm (see also Appendix for resolved peaks in low angle region). As the
temperature approaches 93 °C, the peak associated with d = 1.34 nm shrinks in
intensity. Also, the first signs of the formation of ZnO can already be detected at this
low temperature. The XRD peaks obtained at 93 °C, which were found by
deconvolution to be approximately 1.47 nm and 1.50 nm, grow in intensity relative to
the 1.34 nm peak. These peaks might be associated with lower-hydrated phase. Based
on the TGA, up to 93 °C around 6.9% mass loss occurs that includes ~0.9% due to
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release of free moisture. Therefore 5.8% mass loss between 60 to 93 °C matches
perfectly with the loss of two waters. This suggests the probable formation of

intermediate anhydrous BZA phase in this narrow temperature range.

Nevertheless there is another possible explanation that the intermediate peaks are
actually the same as the ones observed for the precursor at RT, which are buried under
the major interlayer peak. The shift in the position of these intermediate peaks is not as
much to be conclusive. Available published data is not sufficient to be conclusive on the
nature of the intermediate peaks and more crystallographic work is needed. At ~113 °C,
the small peak centred at ~1.75 nm can still be detected (see Appendix) and the rate of
formation of ZnO slowed markedly and a new crystalline phase appeared. From its
XRD pattern this phase was identified as anhydrous zinc acetate (JC-PDF 00-001-
0089), Figure 5.54. The presence of this phase during the thermal decomposition of
BZA was also deduced by Biswick et al., [348]. These authors also commented on the
fact that there were two overlapping thermal processes occurring between 50 and 160
°C, which they attributed to the formation of a Zns(OH)g(Ac), and a material tentatively
identified as Zn3(OH)4(Ac),, which in turn decomposed to ZnAc,. Evidence for the

presence of these intermediate phases was sought in this work.

In the in-situ XRD experiments, no diffraction pattern for Zni;(OH)s(Ac), was
evident although peaks corresponding to those reported for this material in ex-situ XRD
experiments on material obtained by isothermal heating Zns(OH)s(Ac),-2H,0 at 90 °C
for 1 hour could be identified, Figure 5.55. Here peaks associated with ZnO together
with peaks associated with anhydrous zinc acetate (JC-PDF 00-001-0089) with the
major reflection at d = 0.74 nm were observed. A lower angle peak centred at 0.94 nm
was also detected. This is in accordance with the peak reported by Biswick et al., [348],
which was assigned to Zn3(OH)4(Ac); phase. In fact, a 2" order peak at 0.47 nm and a
3" order peak at 0.315 nm have been also detected. This finding indicates that the
heating rate may significantly affect the formation of intermediate phases. Also,
decomposition of BZA might undergo processes that overlap in this range of

temperatures.
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Figure 5.55. XRD (Cu Ka) on the product collected after heating at 90 °C shows the

presence of ZnO mixed with anhydrous zinc acetate and a phase reported to be

Zn3(OH)4(Ac),.

The amount of ZnAc, peaks at about 140 °C, after which it declines, while the
amount of ZnO continues to increase. There are no peaks attributable to Zn(Ac); in the
XRD patterns obtained at temperatures >200 °C. Beyond this temperature the integrated
area of the selected ZnO peak does not change much although the height of this ZnO
peak continues to increase slightly to about 500 °C indicating that the ZnO crystallites
are growing and/or annealing, which decreases the width of the XRD peak. Above that
temperature there is a slight decrease in height due to thermal effects that reduce the

intensity of the diffraction pattern.

TGA-MS

TGA-MS was used to examine the gases evolved during heating, Figure 5.56. Note,
however, that an inert environment was used. Release of water was detected at
temperatures below 100 °C and the rate of water evolution peaked in the region 100-150
°C, where CO, was also detected. Clearly, the reactions associated with the formation of
the intermediate phase and initial formation of ZnO mainly produced H,O as a gaseous
product. The small CO, peak is likely due to the expulsion of adsorbed atmospheric
CO,.

The TGA-MS indicates that the main pulses of CO,, acetic acid and traces of acetic
anhydride, which indicate decomposition of the acetate moity, only appear at
temperatures in excess of 200 °C. In particular at about 280 °C there is a peak in CO,

evolution and some consumption of residual O,, indicating that some combustion is
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occurring. Acetone was also evolved simultaneously at this stage. This is puzzling as
the XRD signal for anhydrous zinc acetate disappears from the powder diffraction
pattern at 200 °C, and only ZnO is evident in it at higher temperatures. This apparent
mismatch between XRD and TGA-MS will be explained shortly.
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Figure 5.56. TGA-MS data produced by the decomposition of aged zinc hydroxy

acetate under argon atmosphere at a heating rate of 3 °C min™'. Channels I44 (COy), 113
(H,0), I1; (0,), I (acetic acid) and Isg (acetone) are scaled x10'°, x10°, x10'* and x10"
and x10"", respectively. (Channel 7,0, (acetic anhydride) data comes from a separate but

similar sample of BZA to the other data (scaled x 1014)).

It appears that the sequence of reactions up to the temperature of 147 °C is as
follows. First, the BZA undergoes dehydration according to Reaction 5.28 in the
temperature range of 68-93 °C with a mass loss of ~5.8% (from TGA, exact temperature
depends on sample and heating rate). A mass loss of 5.8% is predicted for the formation
of anhydrous Zns(OH)s(Ac),, in good agreement with the measured value. In a narrow
range of temperature between 93-113 °C, evidence for the formation of Zn3;(OH)4(Ac),
was obtained by an independent technique. This process follows Reaction 5.29, which
depends on the heating rate. The reason that this phase could not be detected in the
synchrotron radiation study is probably because the temperature and time steps were too
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coarse. Zn3(OH)4(Ac), phase seems to be very unstable even at such a low temperature

and quickly changes to Zn(Ac), and ZnO by releasing water according to Reaction 5.30.

68—93 °C 5.28

Zl’l5(OH)g(AC)2'2H20 _— Zn5(OH)8(Ac)2 +2H,0 ’
93-113°C 5.29

Zns(OH)s(Ac¢), — 2Zn0 + Zn3(OH)4(Ac), + 2H,0 )
5.30

93-147°C
Zn3(OH)4(Ac), — 2Zn0 + Zn(Ac), ) + 2H,0

Zn(Ac), behaves quite differently under different heating conditions and
atmospheres. Its decomposition or volatilisation behaviour over heating is sensitive to
humidity of the atmosphere. In dry atmospheres, it can be volatilised completely
without forming any ZnO residue. In highly humid atmospheres, however, it can be
decomposed completely to ZnO and acetic acid according to Reaction 5.31 without
volatilisation. Therefore the amount of volatilised material, if any, depends on the
vapour pressure of water in the system [427, 434]. In the MS experiment, acetic acid

was detected that can be related to the following reaction:

ZnAc, + Hy0 ——5 700 + 2CH;CO,H 531
In dry atmospheres, Zn(Ac), is reported [435] to form zinc oxy-acetate,
Zn4sO(CH3CO,)6, according to Reaction 5.32 by releasing acetone, which was detected
by MS. ZnsO(CH;3CO;)s may also melt and be decomposed to ZnO, acetone and CO,
according to Reaction 5.33 [435]. This tetramer of zinc is a two-shell compound and is
composed of oxocentred tetrahedra [O0Zn4]*" surrounded by six acetate groups and is

also called p4-oxo-hexakis(p-acetato)tetrazine [354, 407, 436-439].
180-250 °C 5.32
4Zn(CH3COz)2 sy —— ZngO(CH3CO1)s (5) + (CH3CO),0 :

T>250 °C T>250°C 5.33
ZH4O(CH3C02)6(S) — Zn40(CH3C02)6(1) — 4ZHO(S) + )

3CH3COCHj3(g) + 3COxg

Zn4sO(CH3COy)6 can also be sublimed [435] and this might be responsible for the
excess of mass loss during the TGA studies. This will be examined further shortly.

Presence of traces of acetic anhydride in the MS may also be assigned to Reaction

5.34 [348].
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ZnAes () 3 ZnOg + (CH;CO)0) >34

Anhydrous zinc acetate can also melt with a reported melting point of at around 240-
250 °C [434, 435]. However DTA in this region shows an exothermic peak, which can
be originated from Reactions 5.31 and 5.32, and might cover the endothermic peak
associated with melting of ZnAc,. Molten ZnAc¢, decomposes to ZnO and acetone and
CO; according to Reaction 5.35. Oxidation of acetic anhydride to CO, and water is also
possible according to Reaction 5.36 [419]. This is consistent with MS data that shows
consumption of O, and a sudden drop in the acetic anhydride signal at the same time

with release of CO,.

T >240°C 5.35
ZHACQ 0 —_— ZnO(S) + CH3COCH3 (g) + C02 )

(CH3CO),0 +40, — 4CO,+3H,0 5.36

As explained before, over 200 °C, XRD shows only ZnO peaks. However TGA-
DTA and MS show other higher temperature events especially at ~280 °C. It is
presumed that molten materials such as ZnAc, and ZnsO(CH;CO;)s (m.p. ~250 °C
[406, 435]) can cause this issue.

Although there are multiple reactions involved in this temperature region, the mass
loss observed by TGA in Zone 3 between 147 to 250 °C (14.7%) can be mainly
assigned to the formation of ZnO, which is in excellent agreement with the calculated
mass loss for the decomposition of anhydrous zinc acetate to ZnO from any possible

route.

However, there is a further 2.7% mass loss between 250 and 400 °C with a broad
exothermic peak in the DTA at 362 °C. This is assigned to release of volatile zinc-
bearing material, which results in an excess of mass loss in the TGA studies.
Importantly release of volatile zinc-containing material from BZA in the course of
heating has never been reported. This issue may explain the range of reported waters of
hydration in the literature. Note that in Zones 3 and 4 in TGA multiple reactions can
happen simultaneously and therefore the separation of steps is not possible in the

current experimental conditions.
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No evolved species were detected in MS at temperatures >300 °C. Note that
detecting the volatile ZnsO(CH3CO;)¢ by MS was not possible due to limitations on the

molecular mass.
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Figure 5.57. TGA-DTA on zinc acetate dihydrate in air. (I) heating rate: 1 °C min™
and (II) heating rate 5 °C min™".

TGA-DTA experiments, Figure 5.57, showed that pure zinc acetate dihydrate
undergoes dehydration to form anhydrous Zn(Ac), with an associated 16.6% mass loss
(c.f. a theoretical value of 16.4%) at ~50-100 °C. Endothermic peaks at ~250 °C are
assigned to the melting of Zn(Ac),, which then undergoes decomposition and/or
volatilisation with an exothermic peak located at ~310 °C. The overall theoretical mass
loss for the decomposition of zinc acetate dihydrate to ZnO is 62.9% but in a similar
fashion to the zinc hydroxy acetate experiments, more than expected mass loss values
were observed, which are attributed to the volatilisation of zinc-bearing materials. TGA
experiments with zinc acetate dihydrate with heating rates of 1 and 5 °C min™' reveal
extra mass loss values of 6.2% and 9.6%, respectively. Although the decomposition of
pure zinc acetate may proceed differently to that generated during the decomposition of
zinc hydroxy acetate, there is sufficient evidence to conclude that volatile species are

evolved during the calcination of zinc hydroxy acetate as well. Including this extra mass
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loss component of 6.2 - 9.6% of the ~20% of the ZnO formed via Zn(Ac), into TGA
calculations to determine n, the waters of hydration, it is concluded that n = 2. In

addition, this finding may have industrial significance.

Evidence for the formation of sublimate

To prove that the evolution of zinc-containing sublimate upon heating was
responsible for the excess mass loss, a separate experiment was conducted in a
sublimation apparatus according to Figure 5.58. BZA was dehydrated/dehydroxylated
at 150 °C for 1 hour and then the sample was transferred to the sublimation apparatus
under vacuum and was isothermally heated at ~350 °C for 4 hours. During this time, gas
was evolved while the colour of the precursor also changed from white to brown/grey.
Droplets were observed on the cold surface cooled by water. These droplets disappeared
over time under vacuum. At the same time of the formation of droplets, a whitish

sublimate was deposited in the apparatus.

> Waterout
[k Waterin

- =

T —

m—b To vacuum

Sublimate

Cold surface

oNO Acetic acid
0" condensate

Calcined BZA at 150 °C

Figure 5.58. Sublimation apparatus to trap the volatile zinc-bearing material.

The sublimate and decomposed end-product were collected and analysed by XRD
and SEM. The non-volatile product was ZnO as expected (see Appendix, Figure A. 7).
TGA was also done on the remaining ZnO and showed mass loss of around 0.6% up to
1000 °C (see Appendix, Figure A. 8). The sublimate was crystalline and its XRD

pattern matched that of a mixture of ZnAc, (JC-PDF 00-001-0089) and ZnAc, -2H,0
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(JC-PDF 00-033-1464), Figure 5.59. SEM images of the sublimate are shown in Figure
5.60.
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Figure 5.59. XRD of the sublimate collected during thermal decomposition of
dehydrated BZA.

Figure 5.60. SEM images of the sublimate.

It is reported that zinc oxy-carboxylates can react with carboxylic acids to produce

neutral salts of zinc [439] according to the Reaction 5.37.

ZI]40(CH3C02)6 + 2CH3C02H — 4Zn(Ac)2 + HQO 5.37

In this work, presence of volatile compound ZnsO(CH3CO;)s could not be shown;
rather zinc acetate was collected. Nevertheless it is assumed that the sublimate

deposited was originally ZnsO(CH3CO,)s, and that this was converted to zinc acetate

192



Chapter 5

during exposure to acetic acid vapour formed in the system afterwards according to

Reaction 5.37.

Mechanism

Based on experiments in this work, the thermal decomposition of zinc hydroxy

acetate dihydrate to ZnO is suggested to follow the Scheme 5.4.

68 —-93°C
Zn;5(OH);(CH3CO;); (cr) Zns(OH)g(CH3CO;),-2H,0 (cr)

93 —147°C | -4H,0 |

y

Zn(CH;C0,), (cr) 4Zn0 (cr)

T -

~
~
~

~

147 —200°C —(CH3C0),0 (g)
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Scheme 5.4. Schematic of suggested mechanism for thermal transformation of

BZA-2H,0 to ZnO. Dotted arrows show side reactions.

Reactivity of zinc hydroxy acetate dihydrate with ethanol

As described before, various synthesis methods for zinc hydroxy acetate are reported
in the literature, some of which make use of alcohols. It was noticed in the course of this
work that non-aqueous reaction media might have a significant effect on the product of
the reaction. This issue was investigated further by a reaction between BZA and ethanol
according to the experimental section. The identity of the product was investigated by

the following methods.
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» X-ray Diffraction

XRD, Figure 5.61 (see also Appendix, Figure A. 9), showed that after the reaction
between BZA and ethanol, the peak associated with the interlayer distance at about
1.34 nm is diminished and new peaks associated with ZnO are formed. Nevertheless the
minor peak associated with d-spacing at around 1.75 nm can still be observed. Effect of
drying the products by two independent techniques i.e. (1) at 50 °C under the reduced
pressure and (2) freeze-drying for 24 hours was also investigated to ensure the product
is free of surface-adsorbed ethanol (see Appendix, Figure A. 9). Here, it is shown that
in contrast to previous report [424] on the presence of surface-adsorbed alcohols in the
materials made via the so-called “Chimie douce” methods, alcohol is not just physically
adsorbed on the particles; rather new materials with different chemical compositions

may be formed.
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Figure 5.61. XRD on (I) BZA and (II) the freeze-dried product of the reaction
between BZA and ethanol. Peaks marked with ‘*’ correspond to ZnO (JC-PDF 01-089-
0510).

» TGA-DTA

TGA, Figure 5.62, showed that the total mass loss value for the product is 20.3%,
which is decreased significantly compared to that of BZA (37.4%). There is around
0.9% mass loss up to the temperature of 110 °C. A dehydration stage cannot be detected

for this material. Between 110-150 °C, a sharp mass loss of around 7.5% is observed.
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This is associated with an endothermic peak at 133 °C, Figure 5.63. Further heating up
to around 190 °C results in ~6.6% mass loss, which is associated with a small and broad
endothermic peak centred at 183 °C. Between 190-400 °C a further mass loss of around
4.5% is observed. There is a broad exotherm centred at 197 °C. From TGA-DTA data, it

can be concluded that the product is dehydrated.
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Figure 5.62. TGA on (I) BZA and (II) the freeze-dried product of the reaction
between BZA and ethanol.
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Figure 5.63. DTA on (I) BZA and (II) the freeze-dried product of the reaction
between BZA and ethanol.

From XRD data, it was shown that the product of the reaction between BZA and
ethanol contains an amount of ZnO. This is consistent with the TGA data that shows a
lower mass loss value as opposed to that of Zns(OH)g(Ac),. Total theoretical mass loss
value of Zns(OH)s(Ac), 1s 30%, if there is no sublimation process involved. However,

because of the probable involvement of sublimation process for the product, it is
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difficult to calculate the exact ZnO : Zns(OH)s(Ac), ratio from the total mass loss
values. Nevertheless by the knowledge gained on the decomposition mechanism of
BZA, here a slightly different method was applied to obtain the mass ratio of ZnO :
Zns(OH)s(Ac),. Mass loss of the first decomposition stage of Zns(OH)g(Ac), that
releases four moles of water can be used to calculate the ZnO : Zns(OH)g(Ac), ratio.
This stage is independent from the possible sublimation processes that may occur at
higher temperatures. The formula below is applied in the temperature range of 110-150

°C where X% is the mass fraction of Zns(OH)g(Ac), in the sample.

X% = Observed mass loss (%) at 110 — 150 °C 100
° ~ Theoretical mass loss (%) of pure material at 110 — 150 °C

Theoretical mass loss of pure Zns(OH)g(Ac), for this stage of reaction is around
12.4%. Here, only 7.5% mass loss was observed in this temperature range. The
difference is because of the presence of ZnO in the product. The ratio of observed mass
loss value for the product to the theoretical value is calculated to be 60.5%. From these

data, the mass ratio of ZnO : Zns(OH)g(Ac); is calculated to be 39.5 : 60.5.

» Raman Spectroscopy

Raman spectra on BZA and the product of the reaction between BZA and ethanol
that is freeze-dried for 24 hours were recorded, Figure 5.64. Peaks located at around
2935 cm™ are associated with symmetric CHj stretch [432]. Peaks centred at around
940 cm™ are associated with C—C stretching [440]. A sharp peak located at 438 cm™ in
the spectra of the product of the reaction between BZA and ethanol corresponds to a
nonpolar optical phonon E; (high) of ZnO [441]. Raman data is consistent with XRD

data, which shows the presence of ZnO.
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Figure 5.64. Raman spectra corresponding to (I) BZA and (II) product of the

reaction between BZA and ethanol, freeze-dried for 24 hours.

» FTIR Spectroscopy

FTIR spectra on the product of the reaction between BZA and ethanol that is freeze-
dried for 24 hours was recorded, Figure 5.65. Comparison between the spectra of BZA
and that of the product of the reaction with ethanol shows changes in the FTIR pattern
especially in the regions of 430-470 cm™ and 1300-1700 cm™. Peak centred at 437 cm™
is assigned Zn—O stretching vibration [441]. Peaks located at 1614, 1583 and 1550 cm’
are assigned to COO™ antisymmetric stretch and peaks located at 1456, 1419 and 1400
are assigned to COO™ symmetric stretch. Corresponding frequency separation between
the COO™ antisymmetric and symmetric stretches (Av, s = v, (COO") - v4 (COO)) are
158, 164 and 150 cm'l, respectively. As can be noticed, other than 158 cm'l, there are
two new frequency separation values for this material, one of which is greater and the
other is smaller than 158 cm™. The 164 cm™ frequency separation is equal to the value
reported for sodium acetate. This suggests that ionic carboxylate bonding might be
involved in this material. Also the value of 150 cm™ suggests a chelating mode in the
structure. Therefore the material might have at least three types of carboxylate bonding.
However, as explained before for the BZA, resolution of this issue cannot be achieved

based only on FTIR. As a result a solid-state NMR was also combined with FTIR.
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Figure 5.65. FT-IR spectra corresponding to (I) BZA and (II) product of the reaction
between BZA and ethanol, freeze-dried for 24 hours.

> CP-MAS >C NMR

NMR spectrum of the product of the reaction between BZA and ethanol is shown in
Figure 5.66 (see also Appendix). In contrast to the spectrum of BZA, Figure 5.50, that
shows only two major peaks located at around 180 ppm and 25 ppm, the spectrum of
the product of the reaction between BZA and ethanol, shows extra peaks in each region.
Nevertheless the locations of the signals are in the same region associated with methyl
(0-45 ppm) and carbonyl (160-190 ppm) groups [442]. No signal corresponding to
ethoxy group in the range of 60-110 ppm [442] was detected.
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Five signals assigned to resonances of the carbonyl carbon were detected: 177.6,
178.3, 181, 181.5 and 182.7 ppm. Also four signals assigned to resonances of the
carbon atom associated with CH3 were detected: 24.5, 25.4, 26.3 and 26.8 ppm. The
signal at 182.7 ppm suggests the presence of chelating coordination mode for the
carbonyl group whereas a resonance at 177.6 ppm suggests a unidentate mode [412].
The intermediate signals show bidentate bridging state or a combination of modes. This
finding confirms the presence of acetate in the material but with different types of

coordination modes compared to BZA.

190 185 180 175 170 ppm

35 30 25 20 15 ppm

P

200 150 100 50 0 ppm

Figure 5.66. CP-MAS >C NMR spectrum of the product of the reaction between
BZA and ethanol, freeze-dried for 24 hours.

Further work is required to clarify the mechanisms of such reactions. As can be seen,
reactions of such organo-zinc clay complexes are quite complicated. Nevertheless, in
the course of such reaction, ZnO is formed. This suggests novel materials and methods
for engineering zinc oxide properties. But also methods that used alcohols to form zinc

hydroxy acetate may be problematic.
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5.3.6. Comparison

Thus far, in this chapter, synthesis of five zinc hydroxy salts i.e. carbonate, sulphate,
chloride, nitrate and acetate have been explained. Thermal treatment of each salt has
been also studied as a means for the production of zinc oxide crystallites. In the course
of this work, it was noticed that the properties of the as-synthesised ZnO, is

significantly affected by the nature of the precursor salt.

Here a comparison study using TGA and XRD is provided. Also RT fluorescence

emission spectra of the ZnO samples produced from the same precursors are compared.

TGA
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Figure 5.67. TGA in air on basic zinc salts with heating rate of 5 °C min™",

TGA-DTA on zinc hydroxy carbonate, sulphate, chloride, nitrate and acetate were
previously studied in details under the relevant sections. However comparison of TG
behaviour of these salts, Figure 5.67, provides a complete outlook on the
decomposition patterns to form ZnO product. Although ZnO can be produced from any
of these precursors, the temperature of decomposition plays a significant role in the
formation of ZnO particles. Pure ZnO can only be formed from BZS at temperatures as
high as ~900 °C. On the contrary, conversion of BZN into ZnO undergoes completion
at temperatures as low as ~200 °C. ZnO from other basic salts can be formed in the

intermediate range of temperatures. This is technologically quite important because
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thermal decomposition behaviour directly influences the energy consumption for the
production of ZnO. It must also be noted that the products made from each individual
route are quite different from each other in terms of morphology, specific surface area,
etc. This provides a benchmark against which ZnO with specific properties can be

tailored.

XRD

X-ray diffraction patterns on the precursor basic zinc salts have been compared,

Figure 5.68 and Appendix (Figure A. 11).
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Figure 5.68. XRD (synchrotron) on the precursor basic zinc salts.

Full width at half maximum (FWHM) value was measured from the XRD data using
Topas software. FWHM associated with BZC was shown to be the highest among the
FWHM values associated with basic zinc salts studied here. Synchrotron XRD patterns
of the ZnO materials at the maximum experimental temperatures have been also
compared, Figure 5.69. FWHM values associated with the zinc oxide samples were

also compared. It was shown that FWHM value for the zinc oxide made from BZC is
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the highest among FWHM values for the ZnO samples studied here. This suggests that
the particle size of the zinc oxide produced from BZC is the lowest compared to the zinc
oxide products made from other basic zinc salts. This also indicates that to form a
relatively high surface area ZnO, selection of BZC is the most appropriate option. On

the contrary, to form lower surface area ZnO, other basic zinc salts can be selected.
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Figure 5.69. XRD (synchrotron) on the end-products of the corresponding basic zinc
salts at the maximum temperature during synchrotron radiation study. (Data have been

normalised to beam intensity here and everywhere else in this thesis).

Fluorescence spectroscopy

Room temperature fluorescence emission spectra on the ZnO samples produced from
abovementioned precursor salts and a Zn:ZnO phosphor sample as a control were
recorded after being excited at 280 nm and 310 nm, see Figure 5.70 and Figure 5.71,

respectively.
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Figure 5.70. Fluorescence emission spectra of ZnO powder samples made from: (I)
basic zinc carbonate at 300 °C; (II) basic zinc sulphate at 900 °C; (III) basic zinc acetate
at 400 °C; (IV) basic zinc nitrate at 400 °C; (V) basic zinc chloride at 600 °C. (VI) is
emission spectrum of commercial Zn:ZnO phosphor as a control. Excitation wavelength
= 280 nm, excitation slit width = 5 nm (little steps at 460 and 570 nm are artefacts due
to filter changes).
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Figure 5.71. RT fluorescence emission spectra of ZnO powder samples made from:
(I) basic zinc carbonate at 300 °C; (II) basic zinc sulphate at 900 °C; (III) basic zinc
acetate at 400 °C; (IV) basic zinc nitrate at 400 °C; (V) basic zinc chloride at 600 °C.
(V) is the emission spectrum of commercial Zn:ZnO phosphor as a control. Excitation
wavelength = 310 nm, excitation slit width = 5 nm (little steps at 460 and 570 nm are

artefacts due to filter changes).

Significant changes occur when the method of production of ZnO is changed. ZnO

made from BZS shows relatively higher ratio of green-band emission to the band-gap
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emission when excited at 310 nm compared to the other ZnO samples. All the samples
made from basic zinc salts show more than a single peak in the near-UV band and violet
band. No emission peak lower than 450 nm has been observed for the Zn:ZnO
phosphor, which is used as a control. Changing the excitation wavelength from 280 nm
to 310 nm was shown to have effect on the emission patterns of the samples.
Importantly it was indicated that higher production temperatures do not necessarily
decrease the ratio of green band emission to the band-gap emission. This is shown for
the oxide made from BZS at 900 °C. Relative intensity of the green band emission to

the band-gap emission for the oxides made from BZCI and BZA is negligible.
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Figure 5.72. Colour-coded (top) 3D contour and (bottom) 2D top RT fluorescence
emission spectra of Zn:ZnO phosphor vs. excitation wavelength from 300 to 400 nm.
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In addition, a range of excitation wavelengths from 300 nm to 400 nm has been
applied to the Zn:ZnO phosphor sample and the emission spectra were recorded at RT,
Figure 5.72. This shows the relation between the excitation wavelength and emission
spectra for this sample. This experiment was performed to show that at excitation
wavelengths between 300 to 360 nm, emission peak at around 420 nm, which is seen for

zinc oxide samples, does not exist.

As can be seen, broad emission band centred at around 500 nm is essentially present
while the powder is excited from 300 nm to 380 nm. The emission at 500 nm peaks at

excitation wavelength of 380 nm after which this emission disappears.

BET specific surface area

Specific surface area of the ZnO samples has been found to be correlated to the
precursor salt. This is shown in Table 5.6. The highest BET surface area is associated

with the ZnO made from BZC whereas the lowest surface area ZnO is made via BZS.

Table 5.6. BET specific surface area of the ZnO powder samples vs. precursor salt

and calcination temperature.

Precursor zinc Calcination BET specific surface area
hydroxy salt temperature (°C) (m*/g) of as-made ZnO
BZC 250-350 47-65
BZS 900 0.7
BZCl 600 1.3
BZN 300 1.6
BZA 400 154

5.4. Conclusions

Zinc hydroxy carbonate, sulphate, chloride, nitrate and acetate have been synthesised
in aqueous systems and were used as precursors for the production of ZnO particles by
clacination. Combination of TGA-DTA, XRD, MS and BET surface area measurement,
SEM, TEM, Raman and FTIR spectroscopy, CP-MAS *C NMR and RT fluorescence

spectroscopy have been applied to characterise the precursors, intermediate materials
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and end-products, to investigate the thermal decomposition mechanism of the basic zinc
salts into ZnO and also to study some of the properties of the materials. It was observed
that nature of the precursors has a major role in the nature of the end-product zinc
oxides. Interestingly, for each individual precursor, a unique thermal decomposition
mechanism has been detected. XRD comparative study revealed that the highest
FWHM value for zinc oxide products studied here is related to the sample produced
from BZC. This suggests the relatively lower crystallite size for this material. This ZnO
sample has a high porosity and specific surface area as high as 65 m?/g in the current
work. On the other hand ZnO samples made from BZS, BZCI and BZN show bigger
crystallite size and have low specific surface area (less than 2 m*/g). ZnO nano-particles
made from BZA are 20-100 nm in size. This grade shows intermediate surface area of
15 m*/g (higher than that of the French process ZnO but lower than that of the active
Zn0). Different fluorescence emission patterns have been also observed for each
individual ZnO sample. Influence of ethanol on BZA was also studied, which provided
important knowledge about the coordination types of acetate group in the interlayer
distance and also possible changes in the structure of BZA precursor when non-aqueous
media are applied during formation of this precursor. This finding is promising and

suggests novel zinc-bearing precursors for production of zinc oxide particles.

In this chapter production of ZnO by the calcination of appropriate precursors was
explored. I showed that the properties of the ZnO could be controlled by various means.

This information might be helpful for the industrial manufacture of ZnO by this route.
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Chapter 6: Mechanistic and Kinetic Aspects of the Solid/liquid

Pathway for the Formation of Zinc Hydroxy Nitrate

6.1. Introduction

In the previous chapter, synthesis and some properties of zinc hydroxy carbonate,
sulphate, chloride, nitrate and acetate were explained. These salts are important
industrial materials in their own right as explained before, however they can also be

used as precursors for the production of zinc oxide.

In the comparative study of the decomposition of the basic zinc salts presented in the
previous chapter, important details have been revealed. It was shown that, amongst the
five basic zinc salts that were studied, zinc hydroxy nitrate has the lowest temperature
of decomposition for the complete formation of zinc oxide. This provided new insight
into this material as a possible precursor for zinc oxide production. Therefore
complementary work was done on this specific material to determine in greater detail

the mechanism by which it was synthesised by the solid/liquid reaction used.

Layered double hydroxides (LDH) are important complexes with general formula of
MM (OH), ] [A" Jyn-mH,0, where M" and M™ are di- and trivalent metal
respectively, and A" is an anion such as nitrate [370]. These complexes are categorised
as anionic clays and consist of stacks of positively charged layers balanced in charge by
intercalation of exchangeable anions located in the interlayer distance together with

water of hydration [345].

A very similar structure also exists, which is called hydroxy double salt (HDS) with a
general formula of [M", M (OH)s3)] TA™ (143" mH,0 where two divalent
cations are involved. HDS can be explained as a modified form of LDH where trivalent
cations are replaced by divalent ones [373]. It is also possible to have a structure where
M and M’ cations in HDS are the same. In this case a layered compound is formed with

a general formula [M(OH),.x][A" ]xn that is also known as basic salt [345].

In the case of zinc and nitrate four forms of zinc hydroxy nitrate have been reported:
(1) Zns(NO3)2(OH)s:2H,0; (2) Zns(NO3)2(OH)s; (3) Zn3(NO;)2(OH)s and (4)
Zn(NO3)(OH) -H,O with the latter not holding a layered structure [398] that correspond
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to x = 0.4 for (1) and (2), x = 0.66 for (3) and x = 1 for (4) considering the general

formula above.

Here the first basic zinc nitrate, Zns(NO3)>(OH)g-2H,O was considered. In the crystal
of this complex, two of the zinc atoms are octahedrally coordinated by six hydroxyl
anions and the rest are tetrahedrally coordinated by three hydroxyls and one water
molecule. The resulting sheets so formed are positive in charge and are balanced in
charge by nitrate anions intercalated in the interlayer distance. Therefore the formula of
this complex can also be written as [Zn°"";[Zn""*(OH)3(NO3)]»,(OH),]-2H,0 [345, 443].
This salt can be synthesised by slow evaporation of a zinc nitrate solution [395, 397,
444, 445], by pyrolysis of zinc nitrate hexahydrate [394], by a reaction between zinc
oxide and aqueous solution of zinc nitrate [334, 396] or by an equimolar reaction

between urea and zinc nitrate solutions [396, 397].

A solid/liquid reaction between a transition metal oxide and its corresponding metal
salt is an interesting route to form layered metal hydroxide salts. In this work
solid/liquid reactions between zinc oxide and aqueous solution of zinc nitrate were
conducted. Although this reaction was first reported by Feitknecht in 1933 [334] and
was used thereafter with reference to Feitknecht’s method [396, 400], it is surprising
that no reports describing the stoichiometry, thermodynamics, kinetics or the
mechanism of this reaction seem to have been published. Data concerning the solubility
product, K;,, is also absent. In this chapter the solubility of Zns(NO;),(OH)s-2H,0 is
examined and it is shown that it is reasonably insoluble. This has a significant role in
the precipitation mechanism. For comparison, a liquid-liquid reaction between a zinc
nitrate solution and sodium hydroxide was also conducted to synthesise zinc hydroxy

nitrate.

In this work, an interplay between the kinetics and thermodynamics of the reaction
was shown that controls the mechanism of dissolution of zinc oxide and precipitation of
the more stable zinc hydroxy nitrate in the slightly acidic condition. It was also revealed
that concentration of zinc in solution has an influence on the pH of the system.
Polynuclear cationic zinc species are believed to have effect on the hydrolysis reactions,
which result in lower than expected pH in zinc nitrate solutions. Concentration of the
materials in the system controls the thermodynamics of the system and feasibility of the

reaction.
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6.2. Experimental
6.2.1. General

Zinc nitrate hexahydrate, zinc oxide powder and sodium hydroxide pellets were
purchased from Ajax Chemicals and used as-received. All chemicals were AR grade.
Milli-Q (18.2 @ cm™) was used as the solvent. Reactions were conducted under
atmospheric conditions using a two-neck round bottom flask with a digitally-controlled
magnetic heater/stirrer. A magnetic stirrer bar was used at a stirring rate of 820 rpm and
isolation of the precipitates was performed by vacuum filtration followed by overnight

drying at 60 °C in an oven.

X-ray diffraction, thermogravimetric analysis (TGA) and scanning -electron
microscopy experiments have been done according to the methods explained in Chapter

2.

Determination of the pH was conducted using a Hanna Instruments, pH211
microprocessor pH Meter and calibration was done using standard buffer solutions
supplied from Sigma-Aldrich. Curve fitting was performed using MATLAB version
7.10.0.499 (R2010a).

6.2.2. Synthesis

Aqueous solutions of Zn(NO;), were prepared by dissolving Zn(NOs),-6H,0O (with
the molar amounts shown in Table 1) in 30 ml of water. The solution was added in a
single step to a suspension of ZnO (molar amounts shown in Table 6.1) in 70 ml of
water in a two-neck round bottom flask. The mixture was stirred for 4 hours at room
temperature under atmospheric conditions using a digitally-controlled magnetic
heater/stirrer with a magnetic stirrer bar at a rate of 820 rpm. The solid material was
isolated from the supernatant solution by vacuum filtration, washed with water and
dried at 60 °C in an oven. The solids were characterised by XRD and TGA-DTA. The
solids isolated from Reactions A, B and C yielded zinc hydroxy nitrate
[Zns5(NO3)2(OH)s-2H,0] together with amounts of ZnO. No [Zns(NO;),(OH)s-2H,0]

was detected in the solids from Reaction D.
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Table 6.1. Mole ratios of the reactants and pH data.

Reaction  ZnO (mol) Zn(NOs), pHof  ZnO/Zn(NO3), pH of ZnO

(mol) Zn(NO3), (mol/mol)  suspension
solution
A 0.09 0.09 2.85 1:1 7.16
B 0.045 0.09 2.85 1:2 6.6
C 0.09 0.045 32 2:1 7.16
D 0.09 0.0225 3.65 4:1 7.16

The filtrate from Reaction A from the above procedure was examined separately.
Aqueous sodium hydroxide was added dropwise to the filtrate until a pH of 6.5 was
obtained. A white precipitate formed, which was collected immediately by filtration,
washed with water and dried at 60 °C. The solid was characterised by XRD and TGA-
DTA and found to be pure Zns(NO;),(OH)s-:2H,0. This material was then used for the

determination of the solubility.

6.2.3. Kinetics

Separately, a reaction with the same conditions explained in Section 2.2 was
repeated. In the course of this reaction, at times 2, 5, 10, 15, 20, 30, 40, 50, 60, 90, 120,
180 and 240 minutes between 1 to 2 ml of samples were pipetted, filtered and washed

immediately with Milli-Q water to separate the precipitate from the unreacted species.

Using the reaction conditions described for Reaction A above, aliquots of ~2 mL
were collected at intervals of 2, 5, 10, 15, 20, 30, 40, 50, 60, 90, 120, 180 and 240
minutes. The samples were filtered and the collected solids washed immediately with
water. A sample was also obtained from a reaction where stirring was stopped after 4
hours and the mixture was allowed to stand for 72 hours. The solids were characterised

using XRD and TGA-DTA.

6.2.4. Determination of solubility of zinc hydroxy nitrate

Pure [Zns(NO3)»(OH)s-2H,0] (0.0208 g, 3.34x10” mol) was added to 100 ml of

water in a volumetric flask. The suspension was shaken vigorously and sonicated. It was
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allowed to stand overnight. The mixture was filtered twice (Whatman grade 42). A

blank Milli-Q water sample was also prepared using the same procedures.

Nitrogen concentrations (nitrate) were measured using a Lachat Instruments-
QuikChem 8500 Flow Injection Analysis System. Standard potassium nitrate solutions

(with N concentrations 0, 175, 350, 700, 1050 and 1750 pg/L) were used for calibration.

Zinc concentrations were measured using an Agilent Technologies 7500ce series
ICP-MS with sample introduction via a micromist concentric nebuliser (Glass
expansion) and a Scott type double pass spray chamber cooled to 2 °C. The sample
solution and the spray chamber were pumped. The ICP operating parameters and the
lens conditions were selected to maximise the sensitivity of a 1% HNO3:HCI solution
containing 1ng/ml of Li, Co, Y, Ce and TI. Helium was added into the octopole reaction
cell to reduce interferences. Calibration curves were constructed and the results
analyzed using Agilent Technologies Masshunter software. Zinc stock solution was
obtained from Choice Analytical, Thornleigh, Australia. Baseline nitric acid (HNO3)
was purchased from Seastar chemicals, Sidney, Canada. Calibration standards were
prepared in 1% nitric acid. Samples were spiked with nitric acid to a level of 1% to

matrix match the calibration standards.

6.3. Results and Discussion
6.3.1. Characterisation and stoichiometry of the reaction

Investigation of the stoichiometry of the reaction between ZnO and zinc nitrate is an
essential part of this work. It is possible to balance the equation in different ways with
various numbers of reactants, products and stoichiometric coefficients. Some
hypothetical reactions between zinc oxide and nitrate are shown below. Note that these
combinations are only based on a mass balance and some of these reactions and

products may not exist at all.

Zl’lO(S) + ZH(NO3)2 + H,O — Zl’lz(NO3)2(OH)2
2Zl’10(5) + ZH(NO3)2 +2H,0 — Zl’l3(NO3)2(OH)4

4Zl’10(5) + ZH(NO3)2 + 6H20 — Zn5(N03)2(OH)g2H20
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SZnO(S) + SZn(NO3)2 +15H20 — 22115(NO3)2(OH)8'2H20 + 6HNO3

9Zl’10(5) + Zl’l(NO3)26H20 — 2Zn5(NO3)2(OH)82HzO

To investigate the stoichiometry of solid/liquid reaction between zinc oxide and zinc
nitrate, aqueous solutions of zinc nitrate were added to suspensions of ZnO in water in
the amounts shown in Table 6.1 (Reactions A-D). The resultant solids were
characterised by XRD and TGA-DTA. The filtrate from Reaction A was further reacted
with aqueous sodium hydroxide and the resultant precipitate was also characterised by

XRD and TGA.
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Figure 6.1. XRD on the products of Reactions A - D and the precipitate from the

filtrate of Reaction A.

Powder XRD patterns for the solids obtained from Reactions A-D together with the
solid obtained from basification of the filtrate of Reaction A are shown in Figure 6.1.
The diffraction pattern obtained for the solid collected from Reaction D is consistent
with pure zinc oxide. The patterns recorded for the products of Reactions A-C are
consistent with Zns(NO3),(OH)s-2H,0 (JC-PDF 01-072-0627) together with some zinc
oxide. The pattern obtained for the material collected upon adding base to the filtrate of

Reaction A corresponds to that of pure Zns(NO3),(OH)s-2H,O (JC-PDF 01-072-0627)
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although the diffraction peaks are somewhat broader than those of the products
collected from the other reactions. This implies a relatively lower crystallinity of this
product compared to the others. From this data, it can be concluded that the filtrate of
Reaction A still contains unreacted zinc and nitrate. Adding base to the filtrate in a pH-
controlled manner leads to the fast formation of pure zinc hydroxy nitrate. This
confirms that liquid-liquid route to the formation of zinc hydroxy nitrate is kinetically
faster than solid/liquid methods. XRD results limited the possible chemical formula of
the hypothetical zinc hydroxy nitrates to Zns(NO3),(OH)s-2H,0.

The remaining parameters for determination of the stoichiometry are the other
possible by-products and also the stoichiometric coefficients. This will be examined

shortly.

Mass losses during thermal treatment of the reaction products were used to determine
the conversion of the starting materials to Zns(NO;3),(OH)s-:2H,O. Thermal
decomposition of Zns(NO;3)2(OH)s-2H,O to ZnO results in a mass loss of 34.7%. A
mass loss less than this indicates incomplete reaction and the ratio of this value to the
theoretical value indicates the conversion of ZnO into Zns(NO3),(OH)s-2H,0, which is

shown in the formula below where conversion (X%) is a function of time (t):

X(£)% = Observed mass loss (%) % 100
()% = Theoretical mass loss (%) of pure material

Note: The ratio of the observed mass loss to the theoretical mass loss during TGA
can only be used to calculate the conversion ratio for the reactions where the
Zn0/Zn(NOs3), molar ratio is less than or equal to 1. For the molar ratios greater than 1,
the unreacted ZnO (which is not involved in the reaction) is mixed with the product,

which results in the observed mass loss values much less than expected.
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Figure 6.2. TGA of the products of Reaction A-D and the precipitate from the
filtrate of Reaction A.

Table 6.2. Reaction data from solid/liquid reactions between ZnO and Zn(NOs3),.

Reaction A B C D
Zn0O/Zn(NO3), (mol/mol) 1:1 1:2 2:1 4:1
pHatt=0hr 6.5 6.35 6.45 6.22
pHatt=4hr 6.4 5.93 6.29 6.14
Weight recovered (g) after reaction 12.28 6.08 6.93 6.81
Conversion (%)-based on TGA 89.7 91.1 11.2 3.9
Weight of Zns(NO;),(OH)s 2H,0 (g) 11.05 5.54 0.78 0.27
Moles of Zns(NO3),(OH)g-2H,0 0.0177  0.0089  0.0012  0.0004

Moles of Zns(NO3),(OH)g 2H,0 on the

basis of 100% conversion 00197 0.0098 - )

TGA data for the solids obtained from Reactions A-D together with the solid
obtained from adding base to the filtrate of Reaction A are shown in Figure 6.2. In
Reaction A, ~90% conversion is achieved after 4 hours reaction time, which is similar
to the conversion in Reaction B where the initial amount of ZnO is halved. However,
the mass of solid recovered decreased significantly from Reaction A to B (Table 6.2).
The number of moles of Zns(NO;),(OH)s-:2H,O produced by Reaction A is almost
twice of that produced by Reaction B (0.0197 moles vs. 0.0098 moles) on the basis of
100% conversion of ZnO to Zns(NOs),(OH)s:2H,O (note: number of moles of
Zns5(NO3)2(OH)s-2H,0 on the basis of 100% conversion is calculated by dividing the

actual number of moles of Zns(NO3),(OH)g:2H,O by the conversion ratio). Data for
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Reactions C and D show that increasing the amount of ZnO relative to Zn(NO3),

decreases the conversion dramatically.
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Figure 6.3. DTA of the products of Reaction A to D and the precipitate from the
filtrate of Reaction A (graphs are offset for clarity).

TGA experiments on the products of Reactions C and D reveal very little mass loss
compared to those of the products of Reactions A and B and the precipitate from the
filtrate of Reaction A. This is consistent with the XRD data that indicates that ZnO is
the only crystalline material in Reaction D and that the product from Reaction C
contains mostly ZnO. DTA data, Figure 6.3, reveal that each of the processes
associated with the mass losses are endothermic. A single, very small endothermic peak
for the product of Reaction D is observed and occurs at a somewhat higher temperature
than those of the other products, suggesting a thermally more stable compound than the
other reaction products with higher conversion ratios. The XRD data shows only signals
associated with ZnO for this product and so the small mass loss is assigned to an
amorphous compound, possibly a zinc hydroxy nitrate species product. This is
consistent with the products obtained with reaction times less than 30 minutes (see

kinetics data below).

In the solid/liquid Reactions A and B, only a fraction of the initial zinc is recovered
in the solid product suggesting that a significant amount of zinc remained in the
solution. For example in Reaction (A), where 0.09 moles of ZnO and zinc nitrate are
used, only ~0.02 moles of Zns(NO3),(OH)s-2H,0 was recovered (on the basis of 100%
conversion), see Table 6.1 and Table 6.2. This shows that ~0.08 mol of zinc is

remained in solution. In Reaction B it was also shown that only ~0.01 moles of
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Zns(NO3)2(OH)s-2H,0 was recovered (on the basis of 100% conversion). This was due

to decreasing the number of moles of ZnO to half.

To confirm that zinc remained in solution, the filtrate from Reaction A was reacted
with NaOH and a precipitate of Zns(NO3),(OH)g-2H,O was obtained (characterised by
XRD and TGA, as discussed above). SEM images of the Zns(NO;),(OH)s-2H,O
precipitated from this reaction are shown in Figure 6.4. Comparison of this product

with those formed from the solid/liquid reactions (see below) indicates that the latter are

somewhat more crystalline in nature.

Figure 6.4. SEM images on the zinc hydroxy nitrate precipitated from the filtrate of

Reaction A.

Based on the conversion ratio data and the associated reactant ratios, the following
overall reaction, Equation 6.1, for the solid/liquid reaction between ZnO and aqueous

zinc nitrate is proposed.

9Zn0g + 9Zn(NOs)yug +19H,0 —  2Zns(NOs)(OH)s2H2Of) + 6.1
8Zn(OH)NO3ag) + 6HNOs3 (ag)

6.3.2. Thermodynamics

The following equations are involved in this system:

ZH(NO3)2 — Zl’l2+(aq) + 2(NO3)_ (aq) 6.2
azZn* 4y +bH,0 = Zn,(OH)Z* ™% . + bH' ) 6.3
Zn* 4y +HO = ZnOH" () +H 1y 6.4
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270°" 4y + Hy0 = Zny(OH)Y () + H' 1y 6.5
470° 1y +4H0 = Zn, (OH) 5 oy +4H 1y 6.6
Zn0 o+ 2H" 4y = Zn*" ) + H,O 6.7
Zn0 i+ H' 4y = ZnOH" () 6.8
5ZnOH" () + 2(NO3) 4y + SH20 = Zns(NO3)2(OH)s-2H20y) + 3H 1) 6.9

Upon dissolving zinc nitrate hexahydrate in water, Equation 6.2, the zinc species
undergo hydrolysis reactions. Zinc hydrolysis reactions are quite complex; a general
form of the hydrolysis reactions of Zn>" is shown in Equation 6.3. Mononuclear ZnOH"
and polynuclear Zn,(OH)*" and Zn,(OH)$* species have been identified in acidic
conditions [289, 446]. The concentration of polynuclear zinc hydroxo-complexes is a
function of Zn** concentration and temperature with the concentration of polynuclear
species increasing as zinc concentration increases [79, 289, 446]. Here it is proposed
that for zinc concentrations of ~3M, these polynuclear species contribute to the decrease

in the pH of the solution due to the hydrolysis Reactions 6.5 and 6.6.

The system is not in the equilibrium condition immediately after dissolution starts
and this state is only reached when hydrolysis Equations 6.4, 6.5 and 6.6 are complete.
The standard Gibbs free energy of hydrolysis Equation 6.4 is positive (A.G = 42.34 kJ
mol™, calculated from thermodynamic data from [289]). Gibbs free energy of a reaction
in non-standard conditions is defined as A.G = A.G’ + RTInQ, where R is the gas

constant (8.314 J mol™ °K), T is the temperature (°K) and Q; is the reaction quotient (for

+ +
Equation 6.4: %} Under non-standard conditions (pH = 2.85 = [H'] =

1.41x10” M and [Zn®"] = 3M), A.G was calculated to be +7.1 kJ-mol™". Surprisingly the
positive value is in contradiction to the experiment data (i.e. the reaction is observed to
proceed). Based on Equation 6.4, the equilibrium concentration of H' is calculated to be
3.16x10* M or pH ~ 3.5, which is lower than the measured concentration at pH 2.85.
The difference in the pH is assigned to contributions from other hydrolysis reactions
such as 6.5 and 6.6, which generate more protons in the system. Calculations for the
equilibrium concentration of H' (based on Equation 6.4) for zinc concentrations of 1.5

M and 0.75 M also result in lower concentrations than those measured but as the
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concentration of zinc decreases, the difference between the measured and calculated
equilibrium concentration values becomes smaller, see Table 6.3. This supports the
proposition that decreasing the zinc concentration results in lower contributions from

polynuclear species to the hydrolysis reactions.

Table 6.3. Difference between the measured and calculated equilibrium pH of zinc
nitrate solution. The pH is calculated based on the hydrolysis reaction Zn*",,) + HO =

ZnOH" @y T H' (aq)-

Zn(NOs),  Measured pH Calculated Difference between the
molarity of Zn(NOs), equilibrium pH of measured and calculated
M) sol Zn(NO3), sol equilibrium pH of Zn(NO;), sol
3 2.85 3.48 0.63
1.5 3.2 3.63 0.43
0.75 3.65 3.78 0.13

On the other hand, zinc oxide in water is in equilibrium with numerous zinc species
including Zn*"(q), ZNOH gy, Zn(OH); (ag). ZN(OH)3 (aq) and Zn(OH)2™ o) [447] and
also ZnO (5q) depending on the pH [79].

Upon addition of zinc nitrate solution to ZnO suspension in water, the equilibrium in
both systems is disturbed and they become dynamic again. The available protons in the
zinc nitrate solution react with ZnO () whereupon it dissolves according to Equations
6.7 and 6.8. Amphoteric ZnO acts as a base providing cationic zinc species that may
undergo further reactions. In acidic conditions, Zn2+, ZnOH', and polynuclear
Zn,(OH)*" and Zn,(OH)2* are the major soluble zinc species in water with Zn*
dominating at pH < 6 [79, 290, 447]. Since protons are consumed upon dissolving ZnO,
the pH increases and so does the availability of ZnOH" in solution. Nevertheless, in
acidic conditions the Zn®>" concentration is generally much greater than that of ZnOH"
[447]. In the current experiments, the pH was measured to be 6.5 immediately after

mixing the starting materials. After 4 hr the pH was 6.4.

While Reaction 6.7 depletes the system of protons and adds Zn”*" and water, the
hydrolysis Reactions 6.4, 6.5 and 6.6 shift to favour product formation according the Le
Chatelier's Principle. Under the conditions studied here, the pH range is optimal for the

formation of cationic zinc hydroxo-complexes. In these conditions, Reaction 6.9 is
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favourable when the availability of zinc hydroxo-complexes in solution increases.
Calculation of A.G for this reaction shows that in the standard state A.G" = +76.8 kJ
mol™. Although only the ZnOH" species was considered here, interactions between
polynuclear zinc hydroxo-complexes and water and nitrates are also possible.
Thermodynamic figures in standard conditions for Zns(NO;3),(OH)s-2H,O have been
obtained from [448]. A.G = A.G + RTInQ, for this reaction in non-standard

conditions was then applied. Having considered the reaction quotient for this reaction as

[H*]?
[NO3~]2[ZnOH*]5

and knowing the pH of the system that is ~6.5 at = 0 minutes and
relatively higher concentration of nitrate in solution that originates from the zinc nitrate
0.18

mol/
0.03+0.07

lit), A.G for Reaction 6.9 is calculated to be still positive (= +44 kJ mol™), see the

solution mixed with the suspension of ZnO in water ([NO3] =1.8M =

calculations below:
» At t=0 minute:
AG = +76.8k] - mol™
pH = 6.5 = [H*] = 3.16x107 M

0.18

NO;]1=18M = ——
[NO:] 8 0.03 + 0.07

mol/lit

[ZnOH*] = 1.41 X 10~3 M (equilibrium concentration based on Reaction 6.4)

[H*]3
037]2[ZnOH*]5’

Since A,G=A.G +RTInQ, and Q, = N therefore by substitution

A.G = +43.96 k] - mol™1 is obtained.

Over time and due to the availability of ZnO in the system, some protons are
consumed and result in production of more ZnOH" in solution. When the concentration
of ZnOH" re-equilibrates at te,, the Gibbs free energy of Reaction 6.9 reaches zero and
over this concentration this reaction becomes spontaneous, see calculations below. In
these conditions, positively charged layers of the hydrated zinc hydroxide with the form
of [Zns(OH)g(H,0):]*" nucleate and intercalate available nitrates in solution in the
interlayer space to balance the charge. This results in formation of
Zns5(NO3)2(OH)s-2H,0. This species was confirmed by XRD to be the end-product of
the overall reactions. Based on the kinetics study, f. 1s suggested to be around 20
minutes where the first signs of the formation of crystals of zinc hydroxy nitrate can be

observed (see Kinetics Section).
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> Att=t, minutes (~20 minutes):
A.G= 0kJ-mol™?!

Solving the equation of the Gibbs free energy of reaction (A.G = A.G" + RTInQ;) to

calculate the equilibrium concentration of ZnOH" results in:
[ZnOH*] = 4.95 X 1072 M (equilibrium concentration based on Reactions 6.4 and 6.8)

While Reaction 6.9 continues, the concentrations of ZnOH" and nitrate in solution
decrease due to the precipitation of the Zns(NO3),(OH)g-2H,0. Depletion of ZnOH"
from the system contributes to shift the hydrolysis reactions towards right, which
provides more protons to the solution phase available for dissolution of remaining ZnO

and also shifting Reaction 6.8 towards right according the Le Chatelier's Principle.

Along with the precipitation of Zns(NO;),(OH)s-2H,O according to Reaction 6.9,
some protons are regenerated into the solution, which can react with the unreacted ZnO.

Consequently, in this system protons have a catalytic role.

Calculation of the Gibbs free energy of Reaction 6.9 at # = 4 hours shows that for this
reaction to be at equilibrium relative to the previous times, higher concentration of
ZnOH" is needed. Since the concentration of ZnOH" after around 75 minutes starts to
decrease due to the acceleration of the precipitation Reaction 6.9, the Gibbs free energy
for this reaction becomes zero as a result of not having enough ZnOH" in solution at
around 180 minutes. This controls the equilibrium of this reaction, see calculations

below:

» At t= 240 minutes:

pH = 6.4 = [H*] = 3.98x107 M

0.18-2x%0.0177

[NO3] =1.446 M = mol/lit (some nitrates and ZnOH " have already been precipitated

as Zn5(NO3)2(OH)82H20)
Hence: For A.G = 0 k] mol™?, a higher concentration of ZnOH" is needed:
Needed concentration: [ZnOH*] = 6.15 x 1072 M

An important issue is the low solubility of Zns(NO3),(OH)s:2H,0 in water. Here for
the first time, the solubility product (Kj,) of this compound is reported to be in the range
of 7.4x10™"" to 8.5x10"", with these values corresponding respectively to ICP-MS
analyses of zinc and nitrogen-measurement in the aqueous phase (see later for more

detail).
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As can be seen, the interactions between species in this system are quite complex and
the concentration of the cationic zinc species is very important. Competition of various
reactions in equilibrium conditions is the controlling factor for the overall reaction.
Initially, only the dissolution reactions happen as A.G for Reaction 6.9 is positive. As
more ZnOH" is produced, A.G becomes zero and then negative at times over 20
minutes. The dissolution and precipitation reactions then take place in parallel until the
rate of dissolution becomes less and as a result this forces the precipitation reaction to
decelerate as well. Reactants in solution are depleted due to the precipitation until A.G
of Reaction 6.9 approaches zero again at around 180 minutes. The system then is at

equilibrium (see Figure 6.5).

t =75 mins

AG, =0 N e

I

teq = 20 mins t = 180 mins

Time

Figure 6.5. Gibbs free energy of Reaction 6.9 is positive at t = 0. As time passes, it
becomes negative (over fq = 20 minutes) and reaches its minimum at around 75
minutes. Then it approaches zero again at around 180 minutes due to the change in Q;

(as a result of changes in concentrations of the species in solution).

6.3.3. Kinetics

During the course of the solid/liquid reaction, samples were removed from the
system and immediately washed with Milli-Q water to quench the reaction. After

drying, the samples were characterised by XRD and TGA-DTA.

XRD (Figure 6.6) revealed the first indication of the formation of crystalline
Zns5(NO3)2(OH)g-2H,0 (01-072-0627) at ~30 minutes. Before this time, only peaks

associated with zinc oxide were detected. As the reaction proceeds, the intensity of the
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peaks associated with Zns(NO3),(OH)g:2H,0 increased along with a decrease in the

intensity of peaks associated with zinc oxide.

Zng(NO,),(OH);-2H,0
5000 ~ j

4000 4

3000 -
2000 -

Intensity (a.u)

1000 <

Figure 6.6. XRD patterns of the samples collected in the course of reaction.

After 240 minutes reaction time, the product was mostly Zns(NO;)>(OH)s-2H,0O with
minor peaks associated with zinc oxide. This is consistent with the TGA data, which
show that conversion is ~90% after 240 mins. Unreacted zinc oxide was detected in the

sample reacted for 3 days; for which the conversion was ~98% (by TGA).

Figure 6.6 shows that peaks associated with Zns(NO3),(OH)s-2H,O are significantly
more intense for the 3 day sample that those of the 4 hour specimen. This change was
assigned to coarsening and crystal growth of the basic zinc salt over time as well as a

small contribution from the increase in conversion of zinc oxide to zinc hydroxy nitrate.

TGA data (Figure 6.7) for samples reacted for times 2, 5, 10, 15, 20, 30, 40, 50, 60,
90, 120, 180, 240 minutes and 3 days show that samples with reaction times up to ~30
minutes exhibit one major mass loss at temperatures above 250 °C. For samples with
reaction times >30 minutes, this major decomposition shifts towards lower
temperatures. XRD data obtained for reaction times up to 30 minutes show only peaks
associated with ZnO and therefore the decomposition patterns for the samples reacted

for up to 30 minutes are assigned to amorphous zinc hydroxy nitrate species, which is
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proposed to be formed as intermediate species. As the reaction proceeds, the amount of
ZnO remaining decreases. DTA (Figure 6.8) for samples with reaction times below 20
minutes show very small peaks at temperatures around 250 °C. From this time onwards,

endothermic peaks associated with zinc hydroxy nitrate occur at lower temperatures.

100 4
95 41 //
90 +
o
=
&
3 851 z
=~ &
e =
80 + =
=]
&
75 1
70 A
65 T T T T T 1 r v
25 125 225 325 425 525 625 725 825
Temperature (°C)
Figure 6.7. TGA on the samples collected in the course of reaction.
15 4
w 3 days
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Figure 6.8. DTA on the samples collected in the course of reaction (graphs are offset
for clarity).

Using TGA data, it was observed that the conversion curve versus time of the

solid/liquid reaction between ZnO and zinc nitrate to form zinc hydroxy nitrate is S-
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shaped. Two possible equations were considered to fit a curve to the pattern: (1) the

100
a+bxe(=ct)

where X% is the conversion in % and K, n, a, b and c are constants. Using the Avrami

Avrami equation, X% = 100 — ek ) and (2) the Sigmoid function, X% =

equation, In(In(conversion%)) vs. In(time) was not linear. This can be seen in

Figure 6.9. However sigmoid function was a reasonable fit to the data, Figure 6.10.

In (In (conversion))

1.5 2 2.5 3 35 4 4.5 5 55
In (time)

Figure 6.9. Graph of In(In(conversion)) vs. In(time) is not linear.

100 T T T T
< fit curve X
= 80fF . . 7
S X conversion vs. time X % = 100/(a+bxexp(-ct))
: 60k a=0.011; E
£ b = 0.3995;
§ 40 ¢ = 0.04855; 7
5 20 R? =0.9965; i

1.5 T T

1st deriv. (dX/dt)
o &

e
o
5

I
=)
R

0

-0.02 \ /

_0-04 1 L 1 1 L 1 1 L 1 1 L 1 1 L 1 1 L 1 1 L 1 1 [
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240
Time (mins)

2nd deriv. (d°X/dt)

Figure 6.10. Sigmoid function curve fitting for conversion vs. time and the 1% and
2™ derivatives of the fitted curve vs. time. Maximum rate of conversion was shown to

be at around 75 minutes.
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The first and the second derivatives of the curve were used to calculate the
conversion rate and its maximum rate. The maximum rate of conversion occurs at ~75
minutes. This corresponds to a point of inflection on the curve, which is also

represented in its 2" derivative curve.

In the beginning of the reaction, the concentration of the cationic zinc species is
insufficient for the Reaction 6.9 to proceed (see above). As oxide dissolves, Reaction
6.8, and the concentration of ZnOH" increases, Reaction 6.9 accelerates and reaches a
maximum rate at ~75 minutes. After this time, Reaction 6.9 decelerates due to the
consumption of the available precursors in solution until A.G becomes zero again. From
¢t = 120 minutes to 180 minutes less than 10% conversion is observed and from 7 = 180

minutes to 240 minutes only ~1.5% conversion takes place.

SEM images of samples collected at various times are shown in Figure 6.11 and
Figure 6.12. Five minutes after starting the reaction an amorphous phase is formed
among the ZnO crystals. This is apparently the result of dissolution and fusing of the
oxide particles into each other and combining with nitrate to form an amorphous
material, which is shown by TGA-DTA to have a mass loss at around 260 °C. Before 20
minutes of reaction, small crystals of zinc oxide are the major observed materials. From
30 minutes onwards (Figure 6.12), sheet-like 2D structures with a relatively large size
as compared to the ZnO crystals can be observed. This is consistent with XRD and
TGA-DTA data that show the onset of the formation of crystalline
Zns5(NO3)2(OH)s-2H,0 at ~30 minutes. As the time passes, the amount ZnO crystals
decreases and the crystallinity of the end-product is improved. Again this is in

accordance with the XRD and TGA-DTA data described above.
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Figure 6.11. SEM images on the samples collected at times 2, 5, 10 and 15 minutes

in the course of reaction.
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Figure 6.12. SEM images on the samples collected at times 20 to 240 minutes in the course of reaction.
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6.3.4. Solubility

The solubility of Zns(NO3),(OH)g:2H,O was measured for the first time using two
independent techniques; i.e. Zn measurement using ICP-MS and nitrogen-measurement.
ICP-MS measurements revealed a concentration of 17.3 ppm of zinc ions in solution,
which yields a molar solubility of 2.64x10™ mol/L. Nitrogen concentration was
measured to be 7.8 ppm, which provides a molar solubility for nitrate of 5.53x10™*

mol/L. It was noticed that the molar solubility of nitrate is almost twice of that of Zn.

It may be expected that the solubility of zinc hydroxy nitrate is governed by Equation
6.10, where S is the solubility in mol/L.

Zns(NO3),(OH)s 2H,0 ) 2 5Zn* ) + 2(NO3) gy + 8(OH) (o + 2H,0 6.10

-S, +355; +25; +8S;

Based on Equation 6.10, a molar solubility ratio of 2 : 5 for nitrate to zinc is
expected. However, this does not consider the relatively low solubility of zinc
hydroxide, Equation 6.11 (where S, is the solubility of Zn(OH), in mol/L), which was
discussed in Chapter 2. Upon initial dissociation of zinc hydroxy nitrate, 4 of the 5
moles of zinc may interact with 8 moles of hydroxide (see Equation 6.10). Using K,
data for zinc hydroxide, Table 6.4, the solubility of zinc, S, in Equation 6.11, is 2.0x10
% mol/L, which is less than 1% of the solubility of zinc measured by ICP-MS. It is
evident that the solubility of Zns(NO;),(OH)s-:2H,O is largely governed by the
solubility of the remaining Zn and nitrate in a ratio of 1 : 2, which corresponds to the

measured data.
Zn(OH), i) = Zn*' () + 2(OHY 1y 6.11
-S; +S, +25,
Self-ionisation reaction of water was also considered in this system, Equation 6.12.
H,0.+ H0p = H;0" ) + OH () 6.12
-S; =S +S; +S;

Tonic product of water (K,,) at 25 °C is 10™* (K,, = [H;0"]x[OH] = [S5]x[S3] = [S3]9)
[449]. Concentration of hydroxide (S3) produced by Reaction 6.12 is therefore
calculated to be 107 mol/L. This value is negligible in this system when compared with

the concentration of hydroxide produced by Reaction 6.10.
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Consequently, the solubility product, Ky, of zinc hydroxy nitrate is calculated based
on Equation 6.13 using the measured values of S; from the two independent techniques:
Ky, = [Zn*"1x[(NO3) > = [S,]x[2S,]*. The measured solubility of 2.64x10™ mol/L for
zinc yields a K, of 7.4x107"". Alternatively, the solubility value of 5.53x10™ mol/L for

nitrate provides a K, of 8.5% 107,
Zn5(NO3)2(OH)g'2H20(S) = 4ZH(OH)2 (s) + Zl’l2+(aq) + 2(NO3)-(aq) + 2H20 6.13

-Si +S) +25,;

Table 6.4. Solubility products of some zinc compounds compared to the reported

values for zinc hydroxy nitrate in the current work.

Chemical Solubility product (K,), 298 °K Ref.
Zinc hydroxy chloride, Zns(OH);Cl,-H,O 8.2x107° [450]
TRsiER [451]

Zinc hydroxy carbonate, Zns(OH)(COs3), s
2.0x10 [452]
Zinc carbonate (Smithsonite), ZnCO; 107201 [453]
Zinc hydroxy sulphate, Zn,(OH)(SO,) 2.51x107° [452]
ZnO 2.2x107"7 [291]
Zn(OH), 3.5x107"7 [290]
7.4x10"" (Zn measurement) This
Zinc hydroxy nitrate, Zns(NO;),(OH)s-2H,0 " K

8.5x107" (nitrogen measurement) wor

6.3.5. Mechanism and catalytic role of H'

Based on the stoichiometry, thermodynamics and kinetics studies, the formation of
zinc hydroxy nitrate from zinc oxide is suggested to follow the overall Reaction 6.1.
Reactions 6.2 to 6.9 are involved in the system for the dissolution of zinc oxide and

precipitation of zinc hydroxy nitrate.

Initially, dissolution reactions are dominant. The rate of the overall reaction and its
progress was shown to be a function of reaction quotient of Reaction 6.9, which
controls the thermodynamics of the overall reaction as well. Mechanism of the overall
reaction follows the route shown in Figure 6.13. It was shown that H' has catalytic role

in the progress of the overall reaction. From 9 moles of protons, which are generated
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due to the hydrolysis reactions and are consumed for the dissolution of ZnO, 6 moles
are regenerated that can dissolve more ZnO into the solution until the system reaches
thermodynamic equilibrium. As can be seen in all reactions, pH after 4 hours drops
slightly as opposed to the beginning of the reaction. The system remains in the slightly
acidic conditions at equilibrium. While the system approaches equilibrium, the Gibbs
free energy of the Reaction 6.9 controls the progress of the reaction and some ZnO
remain unreacted in the solid-phase. Liquid phase also contains cationic zinc species
balanced in charge with the excess of nitrate. In this pH range, Zn*" : ZnOH" ratio in
solution is around 90%-10% [447]. In such conditions Reactions 6.7 and 6.8 are in
equilibrium. These control the amount of cationic zinc species in solution in equilibrium

with unreacted ZnO.

9Zn0 (cr) gzn(N03)2 22"5(N03)2(0H)3'2H20 (aq)
Ksp = 7.4 x 1071, (based on Zn
9Zn0 (aq) 9zn* (aq) 18(NO3) (aq) measurement)
K;p = 8.5 x 1071, (based on
+9H,0 nitrogen measurement)
9H" (aq) 9Zn(OH)" (aq) 2Zn5(NO3),(OH)g2H,0 (cr)

8Zn(OH)(NOs3) (aa)

+10H,0 6HNO
peare o0

Figure 6.13. Schematic of the suggested mechanism for the solid/liquid reaction

between ZnO and zinc nitrate solution. H' shows a catalytic role in this system.

6.4. Conclusions

The solid/liquid reaction between ZnO and zinc nitrate, which results in layered
crystals of zinc hydroxy nitrate, Zns(NO3)2(OH)s-2H,0, follows a H'-catalysed

dissolution-precipitation mechanism with a 1 : 1 reactant mol ratio. The reaction is
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thermodynamically controlled by the concentration of cationic zinc species, such as
ZnOH". This is formed due to the dissolution of ZnO in acidic solution of zinc nitrate.
Concentration of zinc species originating from zinc nitrate and oxide has been shown to
control the pH of the system and consequently reaction quotient for the precipitation
reaction of zinc hydroxy nitrate. Kinetic behaviour of the reaction was shown to be S-
shaped with a sigmoid function fit to it. Maximum conversion rate of zinc oxide to zinc
hydroxy nitrate happens at around 75 minutes. The reaction was shown to be quite slow
before 30 minutes and after 120 minutes due to thermodynamic limitations. Solubility
product of Zns(NOs),(OH)s-:2H,O has been measured for the first time by two
independent techniques of zinc and nitrogen measurements to be 7.4x10™"" and 8.5x10°

1 respectively.
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Chapter 7: General Conclusions and Future Directions

7.1. General Conclusions

Zinc oxide is an important material industrially and scientifically. It has been used
for thousands of years and its applications have evolved significantly. Although zinc
oxide may look like a simple material that is made only of one zinc atom and one
oxygen atom in its formula, it is actually quite a complicated material. It shows various
forms and morphologies and properties. The properties of this material such as porosity,
specific surface area and optical properties can change significantly by changing the

synthetic method and process conditions.

There are numerous production methods, some of which are currently limited only to
academic works. There has been a dramatic increase of publications on this material
recently. Nevertheless, most are due to a scientific interest for development of potential

p-type zinc oxide, which has been unsuccessful so far.

In terms of mass production, it seems that pyrometallurgical techniques, in particular
the French process, will continue to serve the major role in the global manufacture of
Zn0O. Although many hydrometallurgical processes are chemically feasible, the
economics of the processes dictate the process feasibility. Consequently, it seems that
processes with minimal ongoing process cost, and that use cheaper raw materials and
simpler and more integrated techniques with lower energy consumption may compete

with conventional processes.

Knowledge of the synthetic methods is important in order to engineer and
manufacture zinc oxide with tailored properties. This work focused on the production of
ZnO using various techniques amenable to large-scale production. A variety of
precursors and synthetic routes have been explored including single-stage and multi-

stage methods. Mechanisms of the reactions to form ZnO have been studied.

In the single-stage methods, production of ZnO was achieved by reactions between a
zinc salt aqueous solution and a base. The resultant oxide was shown to have specific
surface area larger than the French process ZnO. This route provides simple means for
the formation of ZnO nano-particles at moderate temperatures with high controllability.

Effects of reaction temperature, concentration of the reactants and feeding techniques on
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the products have been studied. It was also shown that using different alkaline reagents

(such as NaOH and ammonia solution) change the end-product zinc oxide.

In the multi-stage methods, zinc-bearing precursors such as zinc peroxide and zinc
hydroxy salts were first produced. ZnO was then produced by thermal treatment of
these precursors. The zinc-bearing precursors are important materials per se. This work
aimed to produce materials that can be either used directly or can be converted to ZnO,
if need be. This provides flexibility for the production of multiple zinc-bearing products

via integrated processes.

In the course of this work, interesting and important properties of the zinc hydroxy
salts have been recognised. Identification of the properties of these salts provided an

insight into a variety of potential precursors for the production of zinc oxide.

It was shown that properties of ZnO end-products are acutely affected by the method
of production. The nature of the starting materials and processing technique, therefore
dictates the nature of the end-product ZnO. Thermal decomposition of each individual
precursor material to ZnO was shown to follow a unique mechanism. For example
single stage decomposition patterns were determined for zinc hydroxy carbonate and
zinc peroxide. On the other hand, multi-stage decomposition patterns have been

detected for zinc hydroxy sulphate, chloride, nitrate and acetate.

Some starting materials such as zinc peroxide and zinc hydroxy nitrate show
relatively low temperatures of decomposition. Some others such as zinc hydroxy
sulphate and chloride were indicated to have relatively higher temperatures of

decomposition.

Gaseous materials evolved in the course of thermal decomposition of zinc-bearing
precursors are important as well. Various gaseous species such as O,, CO,, NO,, NO,
SO,, SO; have been detected depending on the precursors used. It was shown that zinc
hydroxy chloride and acetate can form zinc-bearing sublimates in the course of heating.
Formation of the sublimates in these systems is responsible for a mass loss more than
the theoretical mass loss when ZnO is the only zinc-bearing product. This has been a

major oversight in various publications, which has been clarified in this work.

Initially it was thought that the ZnO products made by thermal decomposition of
zinc-containing precursors are more crystalline when the temperature of decomposition

is higher. In the course of this work, it was revealed that this is not necessarily the
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situation. Thermal decomposition of some precursors to ZnO at low temperatures
results in highly crystalline zinc oxides. ZnO produced from zinc hydroxy nitrate was
shown to have the highest crystallinity among the products formed from other zinc
hydroxy salts in this work. It was observed that the crystallinity of the end-product ZnO
is correlated to the crystallinity of the precursor; i.e. the more crystalline ZnO products

are produced from the more crystalline starting material.

It was shown that active ZnO having specific surface area more than 50 m?%/g can be
produced from zinc hydroxy carbonate. This is due to the low crystallinity of the
precursor. Nevertheless obtaining such a high surface area ZnO from the other
precursors studied here was shown to be difficult due to the high crystallinity of the
precursors. Therefore it was shown that although there are various possible zinc-
containing materials to form ZnO, the number of options available to produce active
zinc oxide is limited, at least by using the precursors studied in this work. CO, and
water vapour are the only gaseous products, which are evolved during thermal

decomposition of basic zinc carbonate.

Another important finding was the low solubility of zinc hydroxy nitrate in water.
The solubility product of zinc hydroxy nitrate was measured by two independent

techniques for the first time in the current work.

7.2. Future Directions

In the course of this work, the importance of counterions of zinc (anions) in zinc salts
and counterions of hydroxide (cations) in alkaline reagents in the formation of zinc
oxide in solution was recognised. This suggests new future research areas by changing
the zinc-bearing reactants containing various inorganic or organic anions such as nitrate,
chloride, fluoride, iodide, various carboxylates or by changing the alkaline reagents
containing various cations such as sodium, potassium and lithium and ammonium. The
reagents influence the chemical interactions in solution (thermodynamically and
kinetically) or contamination (doping), which should result in changes in properties of

the end-product ZnO.

There has been little research in the area of zinc hydroxy salts. The importance of

these materials per se and also the diversity of the materials that can be formed within

236



Chapter 7

this class of compounds enabled an insight into the novel zinc-containing precursors for
the production of ZnO. It was recognised that by changing the anions in zinc hydroxy
salts, novel materials can be formed that in turn lead to the formation of tailored zinc

oxide particles with unique properties.

There are many other possible routes for the formation of zinc oxide. Melt-melt
reactions between molten zinc salts and molten alkaline reagents seem to be very
attractive due to the high viscosity of the reaction media and an absence of water and a
perfect environment for the growth of zinc oxide crystals in the melt. In the current
work, some reactions have been performed using NaOH and zinc chloride in the molten
form, which resulted in quite attractive zinc oxide particles. These methods could be
further explored to examine these alternative methods for the synthesis of single

crystals.
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Figure A. 1. TGA-DTA on ZnO made at 600 °C from BZCI aged for 14 months
shows small mass loss of ~0.4% up to 1000 °C.
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Figure A. 2. In-situ TGA during MS on BZCI under Ar atmosphere with a heating
rate of 4 °C min™ and up to 600 °C.
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Figure A. 3. In-situ TGA during MS on BZCl under Ar atmosphere with a heating
rate of 3 °C min™" and up to 800 °C (original mass=28.2 mg).
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Figure A. 4. In-situ TGA during MS on BZCl under Air atmosphere with a heating
rate of 3 °C min™ and up to 900 °C.
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Figure A. 5. Synchrotron X-ray data collected at 68 °C, 93 °C and 113 °C on BZA

and the resolved d-spacing of low-angle peaks using Split-Pearson VII distribution

function.
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Figure A. 6. TGA-DTA on BZA, 5 °C min™ in air.
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Figure A. 7. XRD on the product of calcination of BZA at 350 °C in the sublimation
set-up shows only ZnO.
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Figure A. 8. TGA-DTA on the product of calcination of BZA at 350 °C in the

sublimation set-up.
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Figure A. 9. XRD on (I) BZA dihydrate, (II) product of the reaction between BZA
and ethanol dried at 50 °C under reduced pressure and (I1I) the same product but freeze-
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Figure A. 10. CP-MAS ">C NMR spectrum of the product of the reaction between
BZA and ethanol, freeze-dried for 24 hours.
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Figure A. 11. XRD (Cu Ka) on basic zinc salts for comparison.
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