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Chapter

Synthesis of High-Purity Ceramic
Nano-Powders Using Dissolution
Method
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Yufi Haviyani, Lisma D.K. Sari, Musyarofah Musyarofah,
Triwikantoro Triwikantoro and Malik A. Baqiya

Abstract

A set of ceramic powders has been synthesized using a “bottom-up” approach
which is denoted here as the dissolution method. The raw materials were metal
powders or minerals. The dissolution media were strong acid or base solutions. In
the case of metallic raw materials, magnesium and titanium powders were sepa-
rately dissolved in hydrochloric acid to obtain their precursors. They were then
dried, washed, and calcined in air at various temperatures to produce pure MgO and
TiO, nano-powders. Pure MgTiO3; nano-powders by mixing the precursors at the
stoichiometric ratio and calcining the dried mixture at a temperature as low as
700°C have also been successfully synthesized. In the mineral case, local zircon sand
was used as the raw material. A standard procedure to extract the “clean” and pure
zircon powder was applied which included washing, magnetic separation, and reac-
tions using hydrochloric acid and sodium hydroxide. A pure zircon nano-powder
was obtained by applying mechanical ball-milling to the zircon powder. The zircon
powder was also chemically dissociated to give amorphous silica (SiO,), cristobalite,
amorphous zirconia (ZrO,), and nanometric tetragonal zirconia powders.

Keywords: dissolution method, strong acid and base, metal and mineral,
ceramic nano-powders

1. Introduction

Many efforts have been paid to produce nano-powders since they exhibit
different and usually outstanding physical and chemical properties as compared to
their larger counterparts. Ceramic nano-powders are even more attractive since
they are thermally and chemically more stable than non-ceramic ones. Several
applications of such nano-powders are in drug delivery, corrosion inhibitor,
catalyst, and microwave communication. Oxide ceramics such as MgO, TiO,,
MgTiO3, ZrO,, and SiO, are more abundant than non-oxide ceramics. Their use in
technological and industrial applications is hence more substantial.

Oxide ceramic powders are not easily found in nature in their simple mono- and
bi-cationic forms. Yet, their technological benefits are very valuable. Their
existence in nature is usually in the form of complex compounds and needs further
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processing to achieve high-purity substances. Furthermore, natural nano-ceramic
powders are hardly found. As a result, various approaches have been proposed to
synthesize such materials. Two general ways were usually used, that is, bottom-up
and top-down methods. The former requires precursors of the desired cation(s) and
usually uses heating in air or oxygen-controlled environment to develop the
ceramics. The latter is basically a “breakdown” approach of a larger ceramic grains
or particles by milling.

By definition, a nanometric powder means it has crystallite or grain or particle
size less than 100 nm, although some researchers claimed that sub-nanometric size
of <200 nm was still acceptable.

Several examples of synthesis of oxide nano-ceramic powders are solvothermal,
sol-gel, and (co-)precipitation methods. The solvothermal involves the use of (usu-
ally) nonaqueous precursors and an autoclave to produce nanoparticles with unique
microstructures. This method, for example, has been used to produce nanorods
[1, 2], nanoclusters [3], and hollow spheres [4]. It is, however, a complex proce-
dure. Meanwhile, the sol-gel method includes the use of complex precursors as the
raw materials. For instance, synthesis of nanoparticles of magnesium and titanium
oxides [5-8] has been reported recently. Despite its potential in controlling the size
and shape of the products, the sol-gel process usually is time-consuming and costly.
Finally, the precipitation or coprecipitation method has been reported by several
researchers as an effective method to produce magnesia, titania (anatase), and
zircon nano-powders [9-11]. The use of a precursor, washing with a certain liquid
(usually distilled water), drying in air, and calcination are basic attributes in
coprecipitation synthesis. The crystallite size of the synthesized powders for each
method depends on many factors, particularly the type of precursors, as well as
media, time, and temperature for processing. Some examples of nano-ceramics
synthesized by these methods are presented in Table 1. Examples of bi-cationic
ceramic nano-powders are also given.

Recently, an approach to processing oxide nano-ceramic powders has been
developed. The approach, here designated as the dissolution method, comprises
dissolution of a raw powder into a strong acid, followed by drying and washing, and
finally calcination in air. There were several pure metals and minerals under our

Nano- Precursor Method Calcination Crystallite  Refs.
material temperature (°C) size (nm)
MgO Mg(NO3),.6H,0 Sol-gel 500 30 [5]
MgCl, Sol-gel 800 100 [12]
Mg(CH5C00),.4H,0 Solid 800 53 [13]
TiO, Tetrabutyl titanate Sol-gel 160 6 [14]
Titanium Sol-gel 500 30 [15]
tetraisopropoxide
TiOSO,4/CO(NH,), Hydrothermal 1000 9 [10]
MgTiO; Ti(OH), + Mg Coprecipitation 700 30-40 [16]
(NOs),.6H,0
Mg (NO3),-6H,0 + Ti Sol-gel 400 12 [17]
[OCH(CH3)2]4
Mg,SiO4 (CH5C00),Mg.4H,0 Sol-gel 900 33 [18]

and C8H2004Si

Table 1.
Methods to produce mono- and bi-cationic oxide nano-ceramics from references.
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study. In terms of synthesis of nano-materials, it is also classified as a “bottom-up”
approach and a wet method.

The report of the synthesis is arranged by the type of the raw materials, that is,
metal and mineral. The metal powders were magnesium and titanium, which pro-
duced magnesia, titania, and magnesium titanate nano-powders. The second group
materials were synthesized with a slightly different way, that is, there were cleaning
and demagnetization to improve the “purity” of the raw material. Further
approaches were used to obtain nanometric zircon, silica, and zirconia powders.
The success of the syntheses was affirmed by analytical methods like thermogra-
vimetric and differential thermal analyses, X-ray fluorescence spectroscopy, X-ray
diffractometry, and high-resolution transmission electron microscopy.

2. Dissolution method

In principle, dissolution of solids into a liquid or other solvents is a process by
which the original states become dissolved components (solutes), hence forming a
solution of the solid in the original solvent (see the schematic diagram in Figure 1).
When a dissolution occurs, the dissolved component separates into ions or mole-
cules, and each of them is surrounded by the molecules of the solvent. Using the
dissolution process, one can generate a precursor of a cation from a metal or a
mineral if it is soluble in a selected (strong) acid. For example, magnesium reacts
with hydrochloric acid according to Mg(s) + 2HCl(aq) — MgCl, (aq) + H,(g) where
the hydrogen gas is released [19]. On the other hand, titanium is a rather unreactive
metal, making it difficult to dissolve unless more external energy such as heat is
provided. Dissolving titanium powder in hydrochloric acid is possible as long as the
process is run at approximately 60-70°C where the product is a purple solution of
titanium trichloride.

Dissolving in HCI

—
Metal powder A Precursor A S Mixed AB-oxide
—l
precursors nanopowder
Drying then
Metal powder B == Precursor B calcination

Dissolving in HCI

Figure 1.
Schematic diagram for dissolution process, an example for separate dissolution of A and B powders in HCI to
synthesize AB oxide nano-powder.

Dissolution of metal oxide MO is also possible [20, 21], where M denotes a metal.
Several factors may affect the dissolution kinetics including physical form and
constitution of the oxides, as well as pH (acid or base), redox potential, chelating
strength, concentration, and temperature of the solution. Examples of metal oxide
dissolution in strong acids are for lanthanum oxide [22], iron oxides [23], and zinc
territe [24]. In this work, the dissolution method was further used for selectively
extracting the cations from natural mineral to produce high-purity ceramic nano-
powders.

3. Synthesis and phase analyses of the powders

Tables 2 and 3 present a series of metal oxide powders which were produced by
metal and mineral dissolutions, respectively. For the metal-dissolved powders,
hydrochloric acid was used as the solvent. The oxide precursors were obtained by
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Metal Acid/ Precursor Calcination Product Crystallite size
powder base temperature (°C) (nm)
Mg HCI MgCl, 700 Pure MgO 98
Ti HCI TiCl, 200 < T < 700 TiO, 96-114
anatase
TiO, 6-96
rutile
>800 TiO, >200
rutile
Ti HCl Mixture of TiCl, and 700 Pure 65
The 111 MgCl, MgTiO;
Table 2.

Dissolution of metal powders in acid to produce nanocrystalline oxide powders.

drying the precipitates after subsequent washing with water. The solvent for
processing zircon sand, as shown in Table 3, depends on the purposed powder.
Zircon sand can be processed to obtain nano-zircon, silica, or nano-zirconia pow-
ders. The calcination temperatures were selected after inspecting the thermal data
from the precursors.

The structure, composition, and nanocrystallinity of the powders were examined
using CuKa X-ray diffraction (XRD) data to which the Rietveld-based Rietica [25]
and Material Analysis Using Diffraction (MAUD) [26] softwares were employed.
The former was applied for phase composition calculation according to the “ZMV”
method, while the latter for average crystallite size estimation by implementing the
Thomson-Cox-Hastings [14] model in a pseudo-Voigt peak-shape function after
instrumental correction using an annealed Y,Oj3 as suggested previously.

The relative weight fraction of phase 7 at each depth was determined by:

§,(ZMV),

| Zn:Sj(ZMV)j @

where s; denotes the Rietveld scale factors of sample 7 and 7 is the number of the
phases. Z; is the number of formula unit of phase i (calculated from the refined
lattice parameters) with mass M; in the unit cell volume V;.

Mineral Acid/base Precursor/ Calcination Product Crystallite
precipitate temperature (°C) size (nm)
ZrSiO4 (zircon NaOH Na,SiO3 100 (drying) Am. SiO, —
d
sand) HCl Na,SiO; 900 Cristobalite >500
Milling in — 100 (drying) Z1SiO4 160
ethanol 40P
NaOH + ZrOCl, 700 ZrO, 20
HCl

“Unmilled powder.
" Milled powder for 10 h at 150 rpm.

Table 3.
Dissolution of natural zivcon mineral to produce high-purity oxide powders.
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High-resolution transmission electron microscope (TEM) was used to investi-
gate the crystallite and particle sizes as well as the morphology of the synthesized
powders.

3.1 Magnesium oxide (MgO)

The dried powder of Mg-dissolved solution was run for DTA/TG characteriza-
tion where the associated plot is given in Figure 2. A significant drop of the mass of
the powdered sample between RT and approximately 600°C is related to some
thermodynamic phenomena recorded as endothermic peaks. The peaks between RT
and 300°C are attributed to release water molecules with a mass loss of approxi-
mately 50%, while the peak at ~500°C is due to the liberation of chloride ions and
molecules. The last release is also indicated by some mass drop up to 600°C. The
DTA/TG observations led the synthesis of MgO. A calcination temperature range of
400-800°C was then selected. The success of the syntheses was examined mainly
using XRD measurements (Figure 3).

The XRD patterns of the calcined Mg-dissolved powders clearly show the phase
evolution with calcination temperature. At 400°C, only bischofite (MgCl,-6H,0)
was detected. Increasing the temperature to 500°C resulted in the formation of
MgO, and further calcination at 700°C gave pure MgO. This result indicates that
between 400 and 700°C, there was a reaction of MgCl,-6H,0 (s) — MgO (s) + H,O
(g) + Cl, (g). As implied by the DTA/TG data, there is a drop of mass and exother-
mic phenomena which can be ascribed to this reaction. Further analysis shows that
the composition and crystallite size of the products change subsequently (Table 4).
Therefore, the Mg metal-dissolved method can produce nanocrystalline, pure MgO
powder after calcination at 700°C. Calcination at 800°C does not significantly alter
the phase characteristics of the powder.

3.2 Titanium dioxide (TiO,)

DTA/TG plot of the dried Ti-dissolved solution is given in Figure 4. The XRD
patterns of the calcined powders are presented in Figure 5. Similar behavior in the
phase formation of MgO was found here for the Ti-dissolved powders. Significant
mass release occurs and followed by crystallite formation. Interestingly, the dried
Ti-dissolved powder has already exhibited rutile with a relatively low degree of
crystallinity as indicated by low diffraction intensities. The crystallinity becomes
clearer at higher calcination temperatures. Pure rutile is achieved at 400°C, but
anatase forms above 600°C. In most cases, the formation of anatase occurs at a

mg 7 mw

T &Mg0

' ~ Sample Weight
1 MgO, 24.7000 mg

20

=
o 18
A L

L (R e o T e B e m e M e AR S T e o S o e m e e o i B p e o e e e m
100 200 300 400 500 600 700 800 900

Figure 2.
DTA/TG plot of the Mg-dissolved dried powder.
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Figure 3.
X-ray diffraction patterns (CuKa radiation) of the calcined Mg-dissolved powders. Symbols: B = bischofite
(MgCl,-6H,0), M = magnesia (MgO, also known as periclase).

Temperature Weight fraction (%) Crystallite size (nm)
MgO MgCl,.6H,0 MgO MgCl,.6H,0

(periclase) (bischofite) (periclase) (bischofite)
400°C — 100 — 90(12)
500°C 18.5 81.5 99(5) 97(5)
700°C 100 — 98(5) —
800°C 100 — 98(3) —

Table 4.

Phase weight fraction and MgO crystallite size of the calcined Mg-dissolved powders extracted from XRD data.

mg | &Ti02

Sample Weight e j
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6 e ]
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/ \ ) TIOZ2, 1€.8000 mg
J V ]

Figure 4.
DTA/TG plot of the Ti-dissolved dried powder.

lower temperature than rutile [8, 10]. In our study, the formation of rutile is more
spontaneous than anatase possibly due to the type of precursor and its environment.
A similar result was observed by others [27]. It is also worth noting that the broad
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Figure 5.
X-ray diffraction patterns (CuKa radiation) of the calcined Ti-dissolved powders. Symbols: A = TiO, anatase,
R = TiO, rutile, T = undetected phase.

Temperature (°C) Relative weight fraction (%) Crystallite size (nm)
Rutile Anatase Rutile Anatase
200°C 100 — 6 (1) —
400°C 100 — 11(1) —
600°C 97.96(5) 2.04(1) 22(1) 98(2)
700°C 99.08(5) 0.92(1) 96(3) 114(6)
Table 5.

Phase weight fraction and TiO, crystallite size of the calcined Ti-dissolved powders extracted from XRD data.

XRD peaks imply the nanometric crystal size of the products [28]. MAUD software
[26] estimated crystallite size of rutile and anatase in the samples which are
presented in Table 5.

3.3 Magnesium titanium oxide or magnesium titanate (MgTiO;)

Synthesis of MgTiO; powder can be performed following the schematic diagram
given in Figure 2. The detailed explanation of the synthesis has been reported
elsewhere [29]. In principle, the magnesium powder was dissolved in hydrochloric
acid at room temperature stirring to obtain a light yellow solution, while the tita-
nium powder was prepared similarly but at around 60°C to give a purple solution.
Both solutions were then stirred at around 75°C for 4 h to ensure homogenous
mixing prior to drying at 105°C to produce granular agglomerates. Phase and
microstructure analyses were performed on the manually ground agglomerates
after calcination at various temperatures. Figure 6 shows the XRD patterns of
calcined powders for 1:1 Mg:Ti ratio at different temperatures. As can be seen from
the figure, only MT (COD ID 01-079-0831, hexagonal), MgO (periclase, 00-045-
0946, cubic), and rutile (01-078-2485, tetragonal) were present in all samples. This
result shows that our dissolution method can hinder the formation of other magne-
sium titanate phases such as MgTi,0s [30, 31] or Mg,TiO,4 [32]. However, the
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Figure 6.
X-ray diffraction patterns (CuKa radiation) of the calcined (Mg, Ti)-dissolved powders at various calcination
temperatures: (a) 600, (b) 700, and (c) 800°C. symbols: MT = MgTiO;, R = rutile, P = periclase (MgO).

presence of periclase and rutile shows that the product is not pure MT. In terms of
XRD line peaks, the MT patterns exhibit broadened peaks, particularly at lower
temperatures indicating that it is in nanometric crystallite size [17]. The average
XRD crystallite size of the MT nanocrystals is between 76 & 2 nm (600°C) and

150 + 4 nm (800°C). Figure 7 shows a typical TEM micrograph of the MT crystal-
lites. The micrograph shows inhomogeneous crystallite size ranging between 50 and
120 nm—being the dominating size is around 80 nm. Therefore, the TEM result
supports that of XRD, where the hexagonal morphology of the crystallites confirms

Figure 7.
TEM micrograph of MT powder after calcination at 600°C.
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the structure of the phase. In conclusion, the simple dissolution method is very
potential to produce bi-cationic nanocrystals.

3.3.1 Effect of excessive Mg

The influence of excessive Mg [33] to produce higher-purity MT was investi-
gated further by XRD for samples which were calcined at 800°C [29]. It has been
shown that excessive addition of Mg up to 3% reduces the amount of rutile (R),
while above 6% addition causes vanishing rutile but the appearance of periclase
(M). This result implies that the method can be easily used to control the amount of
MT by varying Mg:Ti ratio without the introduction of MgTi,0s or Mg,TiO, which
was found when other methods were used [30, 32]. The results explained the role of
excessive Mg in the formation of high-purity MT. The amount of MT can achieve as
high as 99.4 £ 3.6% in the 6% excessive Mg sample with rutile as the sole residual or
97.5 £ 3.5% in the 3% excessive Mg sample with periclase as also the only residual.
An excessive Mg around 5-6% is therefore envisaged to give MT with the highest
purity [29].

3.3.2 Effect of calcination dwelling time

The formation of MT at 600°C with 1 h dwelling time was incomplete, with the
weight fraction of rutile and periclase that was about 17.2 and 17.4%, respectively,
while increasing calcination temperature improves such formation. The effect of
calcination dwelling time on the completeness of the MT formation was then
examined [29]. It was reported that the formation of MT is significantly improved
by prolonged calcination as proven by the MT molar fraction around 65% (equiva-
lent with around 82% by weight) for 1 h to 82% (90% by weight) for 4 h. It was also
found that the crystallite size of MT was invariant to dwelling time at values around
76 nm as indicated by insignificant changes on the XRD line.

Therefore, the dissolution method has been successfully implemented to pro-
duce high-purity MT nanocrystals. Sub-nanometric MT crystals were achieved
from Mg-Ti hydrochloric acid solutions mixing with 6% excessive Mg followed by
calcination at 800°C for 1 h. Meanwhile, prolonged calcination at 600°C signifi-
cantly improved the MT formation up to 82% (molar) and retained its nanometric
crystallite size at around 76 nm.

3.4 Zircon (ZrSiO,)

Synthesis of ZrSiO, powder was performed by making use of natural zircon sand
which was collected from District of Kereng Pangi in Central Kalimantan. To obtain
a pure zircon powder, the sand was subject to several processing steps including
magnetic separation, reaction with HCl followed with NaOH, and finally washing
and drying. The XRD patterns of the samples after each processing are presented in
Figure 8. Several inferences can be drawn from the figure, for example, the domi-
nating phase in the sand and powder is zircon (ZrSiO,, COD ID 900-2554). Fur-
thermore, the highest intensity increases with the processing step, indicating that
the crystallinity improves subsequently. Moreover, the undetected peaks disappear
after reacting the sand with HCI. Investigation using XRF showed that the disap-
pearance of the undetected XRD peaks in Sample (B) could be associated with the
removal of unwanted substances such as Ti and Fe in the sand (Figure 9). However,
Sample (B) contains silica quartz (COD ID 500-0035). The XRF data showed Zr:Si
weight fraction ratio of approximately 3:2 which indicates that pure zircon powder
has not been achieved since the ratio should be at approximately 3:1. Reaction with
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Figure 8.

X-ray diffraction patterns (CuKa radiation) of (A) zircon sand, (B) zircon powder after magnetic separation
and reaction with HCI, and (C) powder B after reaction with NaOH and washing. Symbols: Z = zircon,
ZySiO ; S = silica (Si0,), quartz; T = undetected.
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Figure 9.
X-ray fluorescence atomic weight fractions of (a) zircon sand, (B) zircon powder after magnetic separation and
reaction with HCL, and (C) powder B after reaction with NaOH and washing.

NaOH was subsequently done to form liquid Na,SiO3 precursor which can be easily
removed by sieving. The sieved slurry was then washed and dried to obtain pure
zircon powder (Sample (C)). The SEM image and its energy-dispersive elemental
mapping of Sample C are shown in Figure 10. The figures indicate the high crys-
tallinity and high purity of the powder. These facts show that the dissolve method
which comprises magnetic separation, HCI reaction, washing-filtering, NaOH reac-
tion, another washing-filtering, and drying of natural zircon sand may produce
high-purity, single-phase zircon powder.

An effort to process the zircon powder to achieve zircon nano-powder has been
accomplished. The mechanical zirconia ball-milling was chosen. Well-sintered par-
tially stabilized zirconia ceramics exhibit much higher Vickers’ hardness than zircon
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Figure 10.
SEM image (SEI mode, left) and its energy-dispersive elemental mapping (vight) of the purified zircon powder
(sample C).

ceramics, that is, 15 GPa [34] versus 3 GPa [35]. Therefore, zirconia balls would
presumably be able to mill zircon powder. The XRD patterns of the milled zircon
powders at various milling time are presented in Figure 11. Milling has no effect on
the detected phase, that is, it remains zircon, and resulted in lower but broader peak
intensity. The XRD peak broadening was caused by crystallite size and nonuniform
effects after milling. These XRD characters were investigated using MAUD software
[26] and came across at a conclusion that the synthesized zircon powder exhibited
smaller crystallite size after milling, that is, from 173 nm before milling to 162 and
finally to 45 nm after milling for 5 and 10 h, respectively. TEM images of the
unmilled and 10 h milled zircon powders are shown in Figure 12. These images
confirm the success of the synthesis of the nano-sized zircon powder.

The software also allowed the extraction of a nonuniform strain of the milled
powder, and the results showed that longer milling induced more strains as also
observed by others [36, 37] for different metal oxides. The strain values for the
zircon powders are 2, 3, and 6 x 10~ for the unmilled and 5 and 10 h for milled
samples, respectively. These values dropped significantly to as low as 2 x 10~ * after
annealing at 200°C for 2 h.

z 7 z
10h ) J; 2 z 7z z z}Jd 2z |
5
5
£
£
S C D N S S T
o ) J\ ' T &
15.0 25.0 35.0 45.0 55.0 E5.0
24 (deg.)
Figure 11.

X-ray diffraction patterns (CuKa radiation) of milled zircon powder at various milling times. Symbol:
Z = zivcon, ZrSiO,.
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Figure 12.
TEM micrographs of unmilled (left) and 10 h milled zivcon (right) powders.

4, Conclusion

It has been demonstrated that a simple dissolve method using HCl or NaOH which
was reacted with a mono- or bi-cationic metals or with a natural mineral can be
accomplished to produce high-purity, nanocrystalline metal oxide ceramics. Pure
MgO, TiO,, MgTiOs3, and ZrSiO, nano-powders were produced by the method. The
main step for the metal case was on the formation of the precursor and appropriate
calcination temperature. For the mineral case, purification of the phase under con-
sideration by reacting the contaminating phase with acid or base, followed by filter-
ing, washing, and calcination, was the key of the process.
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