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Abstract

The terms mechano-chemistry and mechanical activation of solid materials were introduced in chemical
literature by Ostwald at the beginning of the XX century. Both terms cover a whole range of interconnected
phenomena taking place during the mechanical action on solids or their separate parts participating in
chemical reactions, phase transitions, mixing and creating composite materials, alloying and crystal growth
in the solid state, deformation and changing physical and thermal properties, all of them at low temperature.
The common effects of the mechanical activation on solid material are fracturing and reduction of particle
sizes, generation of new reactive surfaces, diffusion of atoms of the reactant phase through the product
phase, and quite significantly, accumulating energy in crystalline or amorphous structure (enough twists in
atomic and molecular networks, tensions in atomic bond and active sites to trigger the nucleation of new
phases). Mechanical activation is very used to produce all clean alumina mineralogical phases with uniform
particle size dimensions from nano to macro size. Also, mechanical activation may extend the specific
surface of some minerals, enhancing the yields in the solid-liquid extraction process. With adequate
precursors, all phase transitions from amorphous to alfa a-Al,O3 can be carried out on the same route as in
thermally activated alumina, but some other routes, impossible by thermal activation, might be followed. The
difference between the two activation ways is that mechanical activation is made at room temperature.
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INTRODUCTION

Mechanical activation is a part of mechano-chemistry, the fundamental science that supports a wide
range of potential applications. Mechanical activation itself is largely an innovative technology,
that, primarily, concerned combinations between the new surface expansion or controlled shrinkage,
and also, defect formation on crystalline surfaces. In many of mechanical activation technologies,
the main target is the rationale use and saving the energy consumptions. Mechanical activation is of
uncommon importance in the mineral processing, also in chemical engineering, extractive
metallurgy, waste disposal and recovery, environmental chemistry and other new special area, like
medicine nano-materials synthesis and synthesis of chemical compounds.

The purpose of this review is to discuss the topics related to mechanical activation technology
applied in the field of non-metallurgical alumina. However, the abundance of works covering this
field is overwhelming. Thus, information carried by this review will be limited to low temperature
non-metallurgical alumina in last two decade of 21" century.

Aluminum hydroxide, as an intermediary wet product (gibbsite, Al>03-3H20), is industrially
produced by Bayer process from different kinds of bauxites. The gibbsite quality, particle size,
crystallinity and crystals morphology are strongly influenced by the Bayer process parameters [1-6].
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Parts of the gibbsite production are converted by calcination into alumina for metallurgical use and
for high temperature ceramic alumina. The rest of production undergo large chemical and thermal
treatments, size dimensions classification, as well as other required finishing operations for being
used in the wide-ranging new high technology applications.

Aluminum hydroxide and its related products highly required on the market are very important
materials with various industrial applications, mainly as: filers and fire retardants [7-19], desiccants
[20-26], adsorbents and water purification reactants [27-37], coating materials [38-47], composite
materials [48-56], catalysts and catalyst support [57-66], environmental alumina [66-67] and
synthesis of chemical compounds [67-69].

Characterization of the non-metallurgical alumina

Clasification of non-metalurgical aluminas

Primary hydrates are raw aluminum hydroxide product types from Bayer technology, available in
wet and dry states. These products serve as materials for producing metallurgical alumina (85-90%)
and for manufacturing non-metallurgical alumina products (10-15 %). The variety of non-
metallurgical alumina products is vast and increases annually in the number of products and new
applications.

Dry or wet crude hydrate of varying purity is used as a raw material for manufacturing aluminum
sulfate and aluminum poly-chlorides, aluminum fluoride, cryolite, and zeolites, as well as purified
sodium aluminate as a raw material for the manufacture of other fine chemicals with multiple
applications and guaranteed profitability.

Special hydrates are varieties of aluminum hydroxide obtained by precipitation from purified
sodium aluminate or resulting from the redissolution of the crude hydrate in the pure sodium
hydroxide. These products are used to manufacture flame retardant fillers, adsorbents, desiccants,
ceramic and high-temperature materials, catalysts, catalyst supports, and other industrial materials.
Activated alumina are aluminum oxyhydroxides resulting from the thermal, hydrothermal, and
chemical dihydroxylation of hydrates, with various degrees of purity, coming from Bayer alumina
technology.

Calcined oxides with refractory properties are obtained from primary hydrates (with various
degrees of purity), dried, and classified. These products are raw materials for manufacturing tabular
alumina, cements with tricalcium aluminate content, fused alumina, and other refractory materials
with low mixes oxide content.

Calcined oxides for obtaining non-refractory materials come from various types of calcined
alumina and serve to manufacture ceramics for fused alumina and abrasive materials.

Commercial types of alumina products

Smelter grade alumina (SGA) is used as raw material in the electrolytic manufacture of aluminum.
For the production of the SGA, alumina hydrate (gibbsite) is completely dehydroxylated in flash
calciners. At 600°C, most of the water is evaporated, and the products are various types of activated
alumina containing predominantly y-alumina and some amorphous and transition phases. Around
800-850°C, the product is crystalline y-alumina with a surface area of around 50 m2/g. At
temperatures higher than 1000°C, the recrystallization of a-alumina begins [70,71].

The calcined alumina products are obtained at temperatures higher than 1100°C when the main
recrystallized mineralogical phase is a-alumina. Various mineralizers are added to the raw gibbsite
to lower the recrystallization temperature of a-alumina. These alumina products are used in various
ceramic and refractory applications [72-74].

Low Soda Alumina. Many applications, particularly in the electrical/electronic industrial areas,
require a low level of soda to be present in the alumina. Low soda alumina is generally defined as
an alumina hydrate with soda content of less than 0.1% by weight. This can be manufactured by
many different routes, including acid washing, chlorine addition, boron addition, and the use of
soda adsorbing compounds [75-77].
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“Reactive” alumina is the term generally given to a relatively high purity with small crystal size
(<1 um) alumina type, which sinters to a fully dense body at lower temperatures than low-soda,
medium-soda or ordinary-soda alumina. These products are normally sold as powders after
intensive ball-milling, breaking up the particulate material from thermal treatments [78-80].
Tabular alumina is produced by pelletizing, extruding, or pressing calcined alumina into shapes and
then heating these shapes to a temperature just under their fusion point, 1700-1850°C in the shaft
kilns. The shaped material may be braked up, screened, and ground to produce the required range of
sizes. Because the material was sintered and has especially low porosity, high density, low
permeability, good chemical inertness, and high refractoriness, it could be used in refractory
applications [81, 82].

The fused alumina has a high density, low porosity, low permeability, and high refractoriness. As a
result of these characteristics, it is used in the manufacture of abrasives and refractories. Such
products are manufactured in electric arc furnaces at a temperature close to the alumina melting
point in batches of 3-30 tones [83, 84].

High-purity alumina is classified as a material with a purity of 99.99%. These high-purity products
are manufactured by routes starting from Bayer hydrate, using successive activations and washings
or via aluminum chloride to achieve the necessary degree of purity [85-88].

Short analysis of the non-metallurgical alumina production and market

Bauxite is the primary source of alumina both for obtaining metallurgical quality alumina and for
non-metallurgical quality alumina. Metallurgical alumina is used for aluminum production, and
non-metallurgical alumina is used in a wide range of industrial applications reviewed in this paper.
The total world production of bauxite is about 300 m tpy, but it is estimated that only 10-15 m tpy
are generally used for non-metallurgical applications. Of the total amount of bauxite extracted,
approximately 80-85% is processed by the Bayer alumina process to obtain alumina trihydrate
(ATH) and, further, by calcination, smelting alumina (SGA) to obtain electrolytic aluminum. The
amount of raw bauxite left over from these processes is used to produce non-metallurgical bauxite
of various grades (refractory, abrasive bauxite, high aluminum cement, activated bauxite, alumina-
based ceramic support agents, etc.). Non-metallurgical bauxite can be classified into three main
classes: abrasive-grade bauxite used to produce abrasive materials; chemical-grade bauxite, used to
make aluminum chemicals; and refractory-grade bauxite, used to produce high-alumina refractories.
Approximately 1.2 million tpy of calcined bauxite is used for refractories materials, with a small
amount used for abrasive materials. Alumina trihydrate (ARH) is using to produces non-
metallurgical alumina of various grades, such as aluminum chemicals, low-soda alumina, and
activated alumina, including fillers and pigments for plastics and elastomers, special calcined
alumina for ceramics, soft and burnt alumina for alumina cement, calcium aluminate cement and
mineral wool. Other uses include aluminum fluoride and zeolites [89].

The non-metallurgical grade alumina available on the market is estimated at 8 million tpy and is
also known as chemical grade alumina. From this alumina, approximately 60% is used to
manufacture aluminum sulfate for water treatment, while fine alumina is used as a fire retardant.
Brown fused alumina (BFA) is an abrasive mineral widely used in various applications. Calcined
bauxite containing small concentrations of iron and other impurities is used together with BFA
(approximately 40-50%) to obtain refractory materials. Of the refractory materials containing
bauxite, approximately 70% are used in the steel industry, the rest being used in the glass industry
and cement kilns. Calcined alumina is also used with alumina hydrate to obtain alumina chemical
substances.

Table 1 shows the distribution of non-metallurgical bauxite in various applications. The vast
majority of non-metallurgical bauxite used to obtain non-metallurgical alumina is found in China,
either domestically produced or imported from Guyana. [89].

The leading non-metallurgical bauxite producers in 2022 are China, Germany, France, India,
Turkey, Brazil, and Greece. The leading non-metallurgical alumina consumers in 2022 are found in
France, Germany, the US, China, Brazil, and Sweden, according to USGS, the International
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Committee for Study of Bauxite, Alumina, and Aluminum (ICSOBA), International Aluminum
Institute (IAl), and other industry sources, as FastReport 2022 [89].

Table 1. Bauxite applications by market [89]

Application Consumption (tpy) Consumption (%)
Portland cement 2m 18%
Refractories 1.2m 11%
Abrasives 1.2m 11%
Iron and steel slags 800,000 7%
Chemicals 800,000 7%
Calcium aluminate cement 450,000 4%
Proppants 200,000 2%
Mineral wool 200,000 2%
Welding 60,000 >1%
Anti-skid road surfacing 10,000 >1%
Other 4m 37%

Mechanical activation technology

Mechano-chemistry is a relatively new chapter in the approach of chemical reactions involving
solid phases with complex mineralogy. The mechanical activation is related to the degree of the
solid phase comminution, the stress of the particles during compression, shearing, and braking, as
well as the speed with which the mechanical energy is transferred to each individual particle [90-
92]. Mechanical activation involves reactions in the solid phase, phase transformations, stress and
deformation, structural defects, local thermal effects, bridges between the crystals, and fractures of
the newly formed crystals and aggregates, which create new reactive surfaces. Materials humidity
promotes chemical reactions, phase transformations, stress and deformation, structural defects, local
thermal effects, bridges between the crystals, and fractures of the newly formed crystals, which
create new reaction surfaces. Also, water occurrence at the surface of the particle produces
polarization of the surfaces by adding OH" ions, change in properties of the electric double layer on
the particles surface, and surface transport of the dissolved material. To better understand the
alumina phase transformations induced by mechanical activation in the non-metallurgical alumina
process, the phase diagram from Figure 1 is highly required [93].

Mainly, the changes induced by the mechanical activation process are: a) grinding up to dimensions
of the order of microns; b) generation of new contact surfaces and their expansion; ¢) formation of
major dislocations and defects in the crystalline structure of materials, including the reduction of
crystallite sizes; d) phase transformations in the polymorphic materials; €) chemical reactions such
as decomposition, hydration, formation of complexes and adducts, the oxidation, reduction and
alloying, and in the last instance, the cold reactions between reactive compounds, only at high
temperature [93].

Recently, some reviews indicated that mechanical activation might be classified as a one-stage or
two-stage process [94-98]. The one-stage mechano-chemical synthesis process is usually leaded
with high-energy mills, where reactive particles are milled and activated. As a result, the chemical
transformations of the initial reagents are taking place due to the formation of the new interfacial
surface and the accumulation of additional energy in the system. Thus, the final reaction product
recrystallization is consequentially accelerated. In the case of two-stage mechano-chemical
synthesis, the first stage mainly comprises the grinding and preliminary mechanical activation of the
powder mixtures up to an intermediary pre-activated reactive state, while in the second stage, the
pre-activated product is converted into a final product with another or without the assistance of any
mechanical activator. As a rule, the synthesis of a mechanically pre-activated mixture is
characterized by high rates of physical or chemical transformations. One particular priority is
controlling the temperature in both stages of the activation process. If not, unpredictable
developments may arise in the overheated system, involving melting, sintering, and agglomeration
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of the entire material. In addition, during continuous phase transitions, the accumulated excess
energy might be lost by structural normalization of the components undergoing a critical phase
transition [94-98].
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Fig. 1. Phase transitions of alumina mineralogical phases [93]

The objectives of coarse and fine grinding are to dislodge the associated mineral phases, to reduce
the average particle size, associated with enlargement of the specific surface area of the particles
and to accelerate chemical reactions. In principle, coarse grinding is a first phase of mechanical
activation, but there are consumers who are interested in this type of grinding.

The objectives of mechanical activation aimed at structural changes of the mineralogical phases in
activated material, as a result of the mechanical energy applied to the particles surface. Mechanical
activation is applied in the following industrial fields: mechanical alloying, preparation of ores,
leaching of ores and extractive metallurgy, sintering of materials, manufacture of pigments and
paints, manufacture of pharmaceutical and geopolymers products to which new areas of application
are constantly being added. [99-103].

Gibbsite mechanical activation - gibbsite to a-Al,O3

Gibbsite is the dominant phase in many types of bauxite used to obtain alumina for metallurgical
and non-metallurgical use. For this reason, the deep understanding of the mechanical activation of
this mineralogical phase is important for the industrial processing of all the raw materials that
contain it. Also, it is equally important to study the transformation processes through mechanical
activation of gibbsite into other more valuable polymorphic phases with wide-ranging applications
in the industry of fillers and flame retardants, desiccants, absorbents and catalysts, varnishes and
paints, abrasive materials, fine ceramics and high-temperature alumina, cosmetics and medicine,
and especially, in the electronic industry.

The activation of gibbsite with a ball attrition mill led to significant results under the following
experimental conditions (temperature: 25 °C; sample mass: 100 g; ratio solid/ liquid: 1/2;
ball/gibbsite ratio: 20/1; balls diameter: 2 mm; grinding time: 0-30 minutes; stirring speed: 1000
rpm). Thus, the median size of the distribution moved from 52 um to 3 pum after an activation time
of 30 minutes. The same grinding procedure was applied to gibbsite-hematite and gibbsite-quartz
mixtures, with similar results. The activated samples were characterized by granulometry
measurements, X-ray diffraction, SEM microscopy, zeta potential, and isotonic point. The
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summarized results are: the median size of the particles is of the order 3 pum, the distribution of the
particle sizes quickly passes from a unimodal distribution to a bimodal distribution (as proof of the
breaking of particles during activation), the morphology of the activated product passes from the
known morphology of agglomerates, formed by disc-shaped units, to a complete altered
morphology, by particles fragmentation [104, 105]. The XRD studies have proven that the product
obtained is mostly amorphized. The authors confirmed the older observations regarding the
existence of a well-defined correlation between the grinding rate of the gibbsite and the impact
energy of balls [106]. The latter works of the same authors, regarding the mechanical activation of
gibbsite in two mills with significant constructive differences in operating principles, showed that
attrition mills are superior to planetary mills since they induce a greater reactivity to the activated
gibbsite than planetary mills under the identical conditions from the experimental point of view
[107, 108].

Another sequence of phase transformations occurs when mechanical activation is performed in the
absence of air. At room temperature, the monoclinic gibbsite Al(OH)3, mechanically activated in a
nitrogen stream, was converted into nano-crystalline orthorhombic boehmite (y-AIOOH). The
boehmite phase forms slowly and becomes reactive after 3 hours of mechanical activation when the
boehmite begins to increase quantitatively at a noticeable speed. After 40 hours of mechanical
activation, almost the entire amount of gibbsite transforms into nanocrystalline boehmite along with
small alpha-alumina crystallites with a size of 2-3 nm. When calcined in a fluidized bed with an air
heating rate of 10°C/min, the nanocrystalline boehmite transforms into gamma alumina at 520°C
and then, into alpha-alumina at 1100°C, having the crystal size of 100-200 nm. After the thermal
activation of boehmite, the sequence of phase transformation gibbsite - boehmite at 220°-330°C is
inactivated and alpha-alumina appered at 1100°C. This is an unexpected route, but alfa-alumina is
accompanied by the formation of 5-Al203 and 8-Al>03 as the transitional phases, as usually happens
with inactivated boehmite phase. The resulting powder consists mostly of agglomerated particles
with a size of 0.4-0.8 pm [109].

Jang et al. [110] observed that the industrial gibbsite, without any preliminary treatment, in a Fritsch
Pulverisette 7 mill, was amorphized proportionally with the length of activation time, up to a degree
of amorphization of 90-95% at normal temperature. Upon isothermal heating, after mechanical
activation, the gibbsite transforms into alpha-alumina at 850-900°C, while, in the case of non-
activated alumina, this transition occurs at 1050-1100°C. The XRD analyses on the same samples,
performed around the temperatures mentioned above, showed that in the mechanically activated
samples, the transitional phases k-Al203 and y-Al2O3 appeared before the total conversion into a-
alumina (according to the normal transition route of pure gibbsite). However, in the case of
mechanically non-activated samples, the transitional phases formed are 6-Al.0z and 6-Al.Og,
probably as the difference between the precursors in amorphous gibbsite and, respectively,
precursors in hydrated alumina. In conclusion, the amorphous alumina synthesized after mechanical
activation did find out its transition precursors to alfa a-alumina to lower temperature, about 850-
950 °C.

Karagedov [111, 112] studied the seeding with a-alumina all the available precursors to be
transformed into a-alumina by mechanical activation and proposed a method of obtaining a-
alumina from pure chemical reagents: aluminum nitrate and ammonia, and respectively, Bayer
gibbsite. This method has 3 experimental stages: a) the precipitation of colloidal gibbsite through
the reaction of aluminum nitrate with ammonia and the formation of the gel at 70 °C, which serves
as a primer for the formation of a-alumina; b) synthesis of the precursor by mixing the gel with
gibbsite in proportions of 3-10% gel, calcining the material at 800-930°C, and c) light grinding to
obtain alpha-alumina powders. The first stage is similar to the preparation of alumina nanoparticles,
which usually form a gel, then calcined at a suitable temperature to obtain alpha-alumina [111,
112]. In the second stage, the alpha-alumina formation reactions in the previously prepared gel take
place in the gibbsite particles mass, and the alpha a-alumina particles from the gel serve as
precursors for initiating the gibbsite transformations by several transitions to alpha-alumina, at any
temperature, inside the interval mentioned above. Depending on the amount and method of
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introducing the seeding agent, the complete transformation of the precursors to a-Al,O3 occurs at a
temperature between 800 and 930 °C. In this stage, aggregate particles with dimensions of 10-20
mm are formed, having variable shapes and significant porosity. A light grinding of these
aggregates leads, in stage 3 of the process, to an alpha-alumina powder with a typical particle
diameter of 50-60 nm [111].

MacKenzie et al. [113] have another view on the above transition routes. Gibbsite was mechanically
activated by grinding for 20 h, and the changes in its structure were studied by thermal analysis, X-
ray powder diffraction, and MAS NMR. The activated material has lost significant proportions of
the Al-OH bonds, but the resulting molecular water was immediately adsorbed onto the activated
surfaces. Also, this water could be desorbed at 125°C (endothermic effect). However, the only
notable change observed after activation was the amorphous state of the entire sample. In this
experiment, the authors have found that coordination related to site occupancies suggests that this
phase is similar to rho p-Al,O3. However, the amorphous phase follows transition via y-Al203 to a-
Al>03 (corundum) at 900°C, while the non-activated gibbsite exhibits transitions to corundum via y-
Al;03 and 6-Al>03 at a temperature of about 400°C [113].

Tsuchida and Ichikawa [114] studied the mechanical activation of gibbsite, bayerite, and boehmite.
They made comparisons of the evolution of these phases during activation regarding texture,
structure, and thermal behaviour, using the laboratory equipment: XRD, TG, DTA, SEM, IR,
particle size distribution, and nitrogen adsorption (surface and pores studies). The samples were
ground at normal temperatures for between 0.25 and 20 hours using a planetary-type ball mill. The
measurements showed that, in the initial stages (activation under 60 minutes), the specific surface
increased for gibbsite, decreased for bayerite, and had the maximum value for boehmite.

These variations in specific surface area were correlated with the average particle size representing
aggregates or individual particles. It was also noticed that the diffraction lines of the three materials
decreased in intensity, and after 4-8 hours of grinding, the three materials dehydrated and
amorphized.

The DTA data show that an endothermic transformation occurs between 150 and 200 °C due to the
recrystallization of a good part of the material. During recrystallization, phase transitions occur in
the 25-200°C range. The phase transformations are different for all 3 samples as follows:

gibbsite — y — k — a (1)

gibbsite — y — kK — a (2)

boehmite -y — 06— 0 — a(3)

gibbsite amorphous — 1 — a (4)

As could be seen, alpha-alumina appears in activated gibbsite samples even at low temperatures
above 200°C [114, 115].

Mechanical activation of boehmite - boehmite to a-Al203

The mechanical activation of boehmite was studied by a large group of researchers [104, 105, 116-
120], with the aim of analyzing and explaining the nature of the changes in the crystalline structure
of mechanically activated boehmite, firstly for lowering the boehmite transformation point into o-
alumina, and secondly for increasing reactivity of activated product in the reaction with sodium
hydroxide, when the bauxites with high boehmite content are used as raw materials in Bayer's
alumina manufacturing technology.

The studies were carried out on boehmite crystallized in hydrothermal conditions or on boehmite
prepared by decomposing gibbsite (coarse crystals with size d50 =120 pum) in the air at 350°C for 2
hours in a static furnace.

The pure product was characterized by TG/DTA and XRD studies, confirming the synthetic
boehmite's crystallinity. The study of the morphology of boehmite, resulting from the thermal
decomposition of the gibbsite, shows that the particles are uniform and preserve the structure of the
gibbsite agglomerates. The slit-shaped pores come from the process of preferential evaporation of
water from the interlamellar space of the crystallographic structure.
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Karagedov and Lyakhov [120] identified in the milling process four distinct stages: coarse milling,
breaking the larger particles (first stage), followed by fine grinding, which contributed to the
decrease of the particle size and promoting aggregation of the smallest particles (second stage) and
further densification of the aggregates (third stage), accompanied by amorphization of new phase
particles (fourth stage). The mechanical activation of synthetic boehmite was done in batches in a
planetary ball mill (Pulverisette P6, Fritsch GmbH, Germany) at normal temperature. The boehmite
sample had a mass of 30 grams, the ball/sample mass ratio was 10/1, and the mill rotation speed
was 400 rpm. The rotation direction was changed every 5 minutes, and the grinding time was set
between 0 and 240 minutes. The measured characteristics of the mechanically activated sample
were: particle size distribution (Size analyzer Model: Mastersizer, Malvern, U.K.), BET specific
surface area with nitrogen adsorption (Surface area analyzer Micromeritics (USA, Model:
ASAP2020), particle morphology (SEM microscope, Model: 840A JEOL, Japan). The degree of
amorphization of boehmite, the size of the micro-crystallites, and the elastic deformation of the
crystal lattice were calculated from X-ray diffraction (XRD) data (Siemens diffractometer Model:
D500), and the chemical structure from FTIR data (Spectrometer Nicolet 5700). The reactivity of
the activated samples was evaluated from measurements of the amorphous boehmite — a-Al203
phase transformation temperature (TG-DTA, model: SDT Q600, TA Instruments, USA) and
measurements of the leaching yield of standard bauxite with alkaline solutions under conditions
Standard Bayer. The specific surface of the mechanically activated boehmite is very high, 264 m?/g,
a fact attributed to the shape and density of the pores after structural transformations. It is owing to
mechanical stress. The particle size distribution was tracked by the variation in the size of the d90,
d50, and d10 classes of the activated material, depending on the activation time, and was presented
graphically. According to the data presented, the initial diameter of the particles in these three
classes was 153.4, 110.2, and 77.0 um, respectively. In the first 15 minutes of activation, the
characteristic diameters of these classes of particles moved towards small values on the order of
hundreds of nanometers. After 240 minutes of activation, the crushing process reverses, and the
diameter of the particles increases to the mechanical dimensions of tens of microns. Practically, fine
particles resulting from the first phase of mechanical activation agglomerate and form larger
particles by extending the activation time. Experimental data presented in the works mentioned
above show that the specific BET surface area decreases exponentially by almost 75%, from 264
m?/g to 67m?/g, after 240 minutes of mechanical activation.

Other authors also observed the phenomenon during the activation of other minerals, associated
with the aggregation of fine particles, when the activation time is prolonged beyond a critical limit
[121, 122]. Also, the geometric area of the particles decreases from 2.71 to 2.14 m?/g as the
activation time increases. The decrease in the geometric area of the particles follows the assumption
of the aggregation of fine particles in the final stage of activation because some new particles are
formed from the activated material and new distributions of particle sizes.

The significant difference between the BET specific surface and the geometric-specific surface
attests to the porous nature of the particles formed during mechanical activation. The results
demonstrate the change in porosity in the mechanically activated material for shorter or longer
activation times. However, the change in porosity type is new evidence of the advanced aggregation
of fine particles into particles with new properties acquired in the last activation phase near the
activation time of 240 minutes [116, 117].

Before mechanical activation, the XRD data of boehmite display a very clear crystallinity. As far as
mechanical activation is extended in time or intensity, the characteristic XRD peaks become
increasingly weak. The amorphous is just newly processed material, mostly converted into y-Al203
phase at a lower temperature than usual thermal conversion of gibbsite to y-Al20s.

Mechanical activation of boehmite - boehmite to metastable y- Al,03 and k-Al,03

The nanocrystalline boehmite powder (y-AIOOH) was tested as a precursor for transitions to the y-
Al>O3 and k-Al>O3 phases by mechanical activation. A high-energy planetary ball mill was used for
this mechanical activation. To the extent that the activation energy was increased, either by grinding
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or by increasing the centrifugal force, the boehmite was transformed into x-Al203 and x-Al>O3, as
metastable phases of alumina. The presence of metastable phases was highlighted by comparison
with the X-ray diffraction patterns of the heat-treated gibbsite (y-Al(OH)3 up to a-alumina). The
higher energy transfer to both these phases by milling the material, eventually resulted in the
formation of thermodynamically stable a-Al2Os. Although boehmite is normally decomposed into
v-Al203 by heating, phase transformation route of the boehmite is induced by mechanical milling in
different way, than it is induced by thermal process. The authors agreed that this change in
transition mechanism is due to boehmite crystalline structure over skewed under high mechanical
strains [122, 123].

Mechanical activation of boehmite - transition y A1>03 to a-Al203

A well-justified combination of phase transitions leads to a technological option for obtaining
alumina y- Al2Og, as a precursor of the alpha phase a-Al20s3, in the process of mechanical activation
of transition y-Al203 — a-AlOz. The initial raw material can be the gibbsite and boehmite, in case
the crystallinity of the y Al.O3 phase is not of significant importance or the transition y AI203 — a-
Al203 is done thermally. If the quality of the final a-Al2Os product and energy consumption are
priorities, then the synthesis line must be radically changed.

Cortés-Vega et al. found a reasonable solution to produce a-Al;O3 of good quality using as the
initial precursor, the pseudo-boehmite synthesized by the reaction in an aqueous environment of
aluminum sulfate or nitrate with gaseous ammonia [124]. The washed and dried pseudo-boehmite
powder is thermally transformed, at a temperature of 300-500°C, into y-Al,O3z. Then the partially
agglomerated powder is mechanically activated at room temperature using a SPEX mill. The
ground samples had 10 g, and the grinding time varied between 5 and 10 hours. The duration of
grinding determines the quality of the ground product. At grinding times shorter than 5 hours, the
particles have an irregular shape, which becomes more rounded by increasing the grinding time. In
addition to grinding, thermal activation also serves to homogenize the particle sizes of the product.
To avoid contamination, no phase transformation activators were used. Characterization of the
finished product (a-Al2O3) was characterized by modern XRD and SEM methods. Neither the
precursor y-Al203 nor the final product (a-Al203) was contaminated with any specific transition
phases accompanying the recrystallization of the substances during thermal activation. This
happened because the precursors coming from pure reagents did not contain small seeds of
transition phases. The dates collected in this study for a-Al,O3, were obtained at ambient
temperature and confirmed by other authors [122, 124,125].

Boehmite and pseudo-boehmite as precursors for the manufacture of high-temperature alumina
products at low temperatures by mechanical activation

Due to its remarkable hardness and stability, among other strategic applications, alumina (Al.Oz3)
can be used in highly corrosive environments, environments with high temperatures, and
compressive stresses, as well as for energy storage and harvesting, optical, and photonic
applications [126-131]. Naturally occurring alumina is the second hardest material, just a step
behind diamond and ruby{a-Al,03-Cr.03(0.2%)}, as a complete solid-state solution (unchanged in
both solid and liquid phase) [126,132]. Beyond these avant-garde materials, there are some small
domains of application concerning gems and industrial gems. Maybe, due to strict concurrence, it is
not many papers available [133-136]. However, the synthesis of such products, assisted by
mechanical activation, presents an interesting image of replacing the high-temperature process
manufacturing with milling at low temperatures. The a-Al.O3-Cr.0z (0.2%) solid solution is
commonly known as ruby and bears the substitution of AI** for Cr3* in octahedral sites [131]. The
formation of the solid solution involves a small expansion of the a-Al.Oz lattice due to the
comparatively larger ionic radius of Cr3* [137].

The ruby is highly sought due to its unique characteristics given by the resonant luminescence
bands R1 and R2, which are sensitive to displacement with temperature and pressure.
Luminescence bands can be easily detected by Raman spectroscopy. The ruby is in demand as a
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precious stone and a sensor with applications in extreme conditions (temperature and pressure).
Ruby is synthesized from a-Al2Os (corundum) with additions of Cr3* at temperatures of at least
1200 °C [138-143]. A preliminary thermal approach showed that boehmite mechanically activated
undergoes a full dihydroxylation at room temperature. Some changings during further heating were
observed at temperatures between 300 and 500°C [144], and the complete transformation to a-
Al>03-Cr203 (0.2%) has taking place during annealing up to 867°C (almost 200°C lower than the
conventional transition point).

Actually, in this experiment, the small quantities a-Cr: Al203 (0.2%) synthesized by mechanical
activation at room temperature (first stage) acts as the seed or heterogenous sites for the secondary
nucleation process and is responsible for a temperature drop of approximately 200°C (up to 867 °C)
for crystallization of the ruby (second stage). The ruby (a-Al203-Cr.03(0.2%) synthesis at low
temperature, via the mechanical activation and via chi-alumina (x-Al203) has been made by Cortes-
Vega et al. [145, 146] show that the critical problems in this crystal growth synthesis were finding
the right concentrations of Cr.O3 and using Raman spectroscopy to detect very low concentrations
of chromium in ruby-diluted compositions. The presence of (a-Al203-Cr203 (0.2%) ruby phase was
further confirmed with HRTEM (high-resolution transmission electron microscopy). Also, the
microscopy data showed the presence of small crystals of the 6-Al>O3 phase.

The analysis of the first experimental results and the more careful study of the crystallographic data
of each phase involved in the ruby synthesis showed that the crystallographic parameters of pseudo-
boehmite are closer to the ruby crystal structure {a-Al2O3-Cr.03 (0.2%)} than the boehmite
parameters. Thus, the experiment was repeated with pseudo-boehmite instead of boehmite. The
pseudo-boehmite was synthesized by crystallization from an aqueous solution of 0.2 mol/L
aluminum sulfate (purity 98% as dried material). The solution was heated to 60 °C and ammoniated
under intense stirring up to pH 9-10. The final pH was kept constant over the entire precipitation
process. The following reactions are finished at this pH and the pseudo-boehmite is fully
precipitated:

NHs3+ H,O — NH;" + OH"

2A1" + 3(S04)% + 6(NHs)" + 6(0H) — 2AI0(OH) + 2H20 + 3(NH4),S04

The obtained crystalline products were filtered and washed with distilled water more times until the
washing water showed a constant pH of 7 and ammonium sulfate was completely removed. The
resulting product was dried at 100 °C for 24 h. Larger particles were breached in a mortar until the
pseudo-boehmite look liked a loose white powder. The raw materials, pseudo-boehmite and Cr203
have been treated mechano-chemically for the successful synthesis of both x-Al20z and ruby {a-
Al;03-Cr203 (0.2%)}. The first pair of samples were prepared with the new precursor. The first
sample was mechanically activated by milling for a minimal period necessary to complete the
transition from pseudo-boehmite to x-Al,O3. The XRD analysis revealed that the entire quantity of
pseudo-boehmite was converted to x-Al20a.

During the milling process, full dihydroxylation occurs at room temperature, and no traces of other
transitional phases were observed accompanying the yx-Al.O3. This experiment demonstrated that
only mechanical activation makes transition pseudo-boehmite to y-Al2O3 possible at room
temperature. Otherwise, this transition is observed during thermal activation at temperatures
between 300 and 500 °C [147-150]. The second sample was milled for approximately 30 hours in
the SPEX mill. It was found that both transitions pseudo-boehmite to ¥-Al.O3 and y-Al,O3 to ruby
{a-Al>203-Cr203 (0.2%)} are fully accomplished, in the absence of other Al>O3 phases such as 0, v,
K, and 0. In the milled samples, even in the sample milled for only five hours, the presence of {a-
Al;03-Cr,03 (0.2%)} is observed. Due to the very small fractions at the trace level, these were
undetectable by the XRD technique. The detection of Cr.Oz traces in the synthesized ruby was
possible by Raman spectroscopy due to its high sensitivity, capable of detecting even parts per
million ruby in a sample [147, 148]. This study demonstrates three significant findings: the room
temperature synthesis of x-Al203 and a-Cr: AlO3 with SPEX, the changes in phase transformation
energy requirements and a 193 °C drop in phase transformation temperature from x-Al.O3 to a-
Al,Os.
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At the same time, in parallel experiments, when the samples were heated, transformation followed
the following path: pseudo-boehmite — 6-Al,03 — a-Al2Oa.

Also, in the milled samples, the transformation path is pseudo-boehmite — y-Al203 — a-Al03, and
no presence of y-Al2O3 was observed. Both paths are typically found using pseudo-boehmite as a
precursor when the phase transitions are done.

Characterization of the above raw materials, intermediary and final products was carried out
utilizing the following types of equipment: a) XRD (X-ray diffraction) using a Siemens D5000
diffractometer with a Bragg—Brentano geometry and Cu-Ko radiation (A=1.5418 A); b) Raman
spectroscopy using a confocal micro Raman microscope (Xplora™, Horiba JY) and A 532 nm
diode laser was used for excitation; ¢) High-resolution transmission electron microscopy (HRTEM)
using a transmission electron microscope (JEM-2200FS JEOL) operated at 200 kV: d) Image
analysis for the HRTEM micrographs using Digital Micrograph that is capable of reproducing the
fast Fourier transformation (FFT) and their inverse (IFFT) images for a more in-depth analysis. e)
Thermal analysis using a SETARAM differential scanning calorimeter (DSC) analyser.

CONCLUSION

This paper completes the row of published research works regarding the low-temperature activated
alumina products coming out from the same precursor, the aluminum hydroxide dried, milled, and
classified manufactured at Vimetco Alum SA Tulcea, Romania, after implementation of the project
“Endow the Research and Development Department of SC ALUM SA Tulcea with independent and
efficient research facilities to support the economic competitiveness and business development”.
The project was co-funded by the European Regional Development Fund through the
Competitiveness Operational Program 2014—2020.

The previous papers described the thermal activation principles, laboratory preparation, and
characterization of the low-temperature alumina thermal activation products, as well as these
products' chemical structure, mineralogy, main properties, and industrial uses.

This paper is a short review of recent research concerning a relatively new technology designed to
activate the particular classes of non-metallurgical alumina by mechanical activation at normal
environmental temperatures. The main original topics analysed in this paper concerned: Gibbsite
mechanical activation. Gibbsite to alfa a-Al>O3: Boehmite mechanical activation. Boehmite to alfa
a-Al203: Boehmite mechanical activation. Boehmite to metastable chi x-Al.O3z and kappa k-Al20z3:
Boehmite mechanical activation. Transition y AloO3 to a-Al203: Boehmite and pseudo-boehmite as
precursors for manufacturing high-temperature alumina products at low temperatures by mechanical
activation.

Mechanical activation is very used to produce clean alumina mineralogical phases with uniform
particle size dimensions from nano to macro size dimension. Also, mechanical activation may
extend the specific surface of some minerals, enhancing the yields in the solid-liquid extraction
process.

The sustaining literature on the subject matter was selected from published materials in the last
years and from fundamental papers published before 2000™.
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