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ARTICLE INFO ABSTRACT

Keywords: The formation of advanced ceramic components with homogeneous microstructure and functional characteristics
Yttria‘ ) demands a suitable control of particle dispersion. Thus, the characterization of particle stability as immersed in a
Europium oxide liquid medium is important. The present paper reports an approach to evaluate the stability of europium, thulium
Thulium oxide doped . icles b lation b ial and El .

Rare-earths co-doped yttria (YET) nanoparticles by a correlation between zeta potential and Electron Paramagnetic Reso-
Zeta potential nance (EPR) techniques. Based on results, YET suspensions exhibited high stability apart from pH 10, while their
Stability isoelectric point presented a slight variation from pHigp 8.5 to 9.2 according to thulium content 0 and 2 at.%,
EPR respectively. The peak-to-peak amplitude of EPR spectra of the YET suspensions increased as pH shifted toward
alkaline condition, following zeta potential curves features. The present achievements are very useful parameters

to form stable suspensions based on rare-earth oxides and to advance toward new materials for radiation

Radiation dosimetry
Ceramic processing

dosimetry.

1. Introduction

Dispersion of particles in an aqueous solvent, with the aim to form a
suspension, is one of the most usual procedures in ceramic processing
[1]. The structure of a suspension relies on particle characteristics as
morphology [2], size distribution [3], density [4], surface area [5], and
also the spacial distribution of particles throughout the liquid phase [6].

Zeta potential (¢) [7] is a key parameter to observe the stability of
particles in a liquid solvent, and is calculated [7] by measuring the
electrophoretic mobility (pe) of particle. In a recent study of the group
[8], it was observed that thulium-yttria nanoparticles with mean particle
size (dsp) of less than 200 nm, exhibited isoelectric point (IEP) between
pHiep 8.5 and pHygp 9.2, high stability at pH 10.5, with {-value of 10.5
mV. In addition, Electron Paramagnetic Resonance (EPR) [9] is a
powerful non-destructive and non-invasive characterization technique
to observe paramagnetic radicals in materials. Considering that surface
features govern the stability behavior of particles immersed in liquid
solvent, EPR characterization can be useful to observe how the surface
species can induce the dispersion of powders and corroborate zeta po-
tential achievements.

Rare-earth based oxides exhibit a set of special physical and chemical
properties [10,11] and whose demand has been increasing substantially
for batteries, solar cells [12], fuel cells [13], special alloys [14], catalysis
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[15], refractories [16], biomarkers [17], and radiation dosimetry [18].
Considering the wide range of applicability of rare-earth based mate-
rials, they have been addressed as critical materials by European Union
Comission [19] and United States government [20].

Even though rare-earth based oxides are very important materials,
studies on powder stability are very scarce. With the aim to contribute
with this scientific field, the present work reports a study on the stability
of europium, thulium co-doped yttria nanoparticles in aqueous solvent
as a function of pH, by an approach of correlating zeta potential and
Electron Paramagnetic Resonance techniques. In this purpose the
following parameters concerned stability of YET particles in aqueous
solvent were evaluated: zeta potential as a function of pH, zeta potential
stability during time, isoelectric point (IEP) according to pH and YET
particle composition, paramagnetic radicals, g-values of EPR spectra of
samples, and peak-to-peak amplitude of the EPR spectra as a function of
YET composition and pH. The results achieved in this study are impor-
tant parameters to advance toward formation of new materials by
colloidal processing for radiation dosimetry.

2. Experimental

Europium-thulium co-doped yttria powders (YET) were obtained by
using the following starting materials: yttria (Y203, 99.99 %, Alfa Aesar
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GmbH), thulium oxide (TmyOs3, 99.999 %, Alfa Aesar GmbH), europium
oxide (EupOs3, 99.999 %, Alfa Aesar GmbH), nitric acid (HNOs, Synth),
ammonium hydroxide (NH4OH, Casa Americana), and ethanol
(CH3CH20H, Labsynth). The acronym YET comes from the following
rare-earth sesquioxides (RE;O3), Y as yttria (Y203), E as europium oxide
(Euy03), and T as thulium oxide (Tm»O3).

The synthesis of YET nano-sized powders was based on the hydro-
thermal method [21], in which the content of the rare-earth dopant was
estimated in atomic percentage (at.%) by stoichiometry calculations,
and considering yttria as a host reference. The precursor powders were
obtained by processing a stock solution at 60 °C for 6 h in a condenser
system, followed by a washing cycle using deionized water. The
nano-sized ceramic powders were formed by thermal treatment up to
1500 °C for 2 h in air atmosphere using a box furnace (Lindberg Blue,
Haake). The YET compositions were formed by varying thulium content
from 0.5 at.% up to 2.0 at%, while europium content was fixed at 2.0 at
%. The full description and results on YET nano-sized powders are re-
ported in our recent study [22].

The crystalline structure of the YET powders was characterized by X-
ray diffraction (XRD, Rigaku Multiflex), at room temperature, angular
range (20) 25-80°, step size of 0.5°.min’1, and CuKay o radiation (A
average = 1.54184 A). The identification of the crystalline structure, as
well as the indexing of lattice planes (h, k, 1) were performed by Rietveld
refinement using Profex [23] software. Additionally, electron density
maps were obtained from refinement files of the observed structures.
Furthermore, a graphical representation of the crystal lattice was built
up by Vesta [24] software.

Particle size distribution (d;¢,dso,dgo) [25] of the YET powders was
determined by Photon Correlation Spectroscopy [26] (PCS, Lite-
sizer500, Anton Paar), in which particle diameter was calculated based
on hydrodynamic model [27], according to Eq. (1). Besides, diluted
ceramic suspensions were prepared with 0.01 vol% solids at pH 10,
which is a suitable condition to provide dispersion of particles by elec-
trostatic mechanism as reported in our previous study [28]. The size and
morphology of the YET powders were observed by a Scanning Electron
Microscope (SEM, Inca-X, Oxford Instruments).

Where, Kgr is the Boltzmann constant (1.38064852.10723 m? kg.s’z.
K’l), T is the temperature (K), (T) is the viscosity of the suspending
liquid and, Dy is the particle diffusion coefficient.

The stability of YET particles dispersed in aqueous solvent was
evaluated by electrophoretic mobility (p.) measurements, under room
temperature (20 °C), followed by zeta potential ({) calculation, and
using Smoluchowski limit as expressed in Eq. (2) [29]. Stock suspensions
containing 0.5 g L™ of YET particles with 1 mM NaCl (58.54 g.Mol—1,
Merck) as indifferent electrolyte were prepared. In addition, HCl and
KOH solutions were used to shift the pH of stock suspensions from acid
to alkaline condition.

¢=(*T) mv] @

Where ¢ is permittivity of liquid (J.V~2 m); n is the viscosity of liquid
(cP); pe is the electrophoretic mobility of particles (p.s’l.V’lcm).

The paramagnetic response of YET suspensions were evaluated by
electron paramagnetic resonance spectroscopy (EPR), using an X-band
magnetic spectrometer (Bruker EMX PLUS). As the EPR technique deals
with microwave emission and microwave absorption under a magnetic
field, the quality of an EPR spectra basically relies on sample mass and
measurement parameters. In this study, three EPR parameters were
evaluated as number of scans, from 1 to 10; modulation amplitude (G),
from 1 to 4G; and sweep time (s), from 0.24 to 10.02s. In addition, the
EPR spectra was recorded using the additional parameters: room at-
mosphere, field modulation frequency of 100 kHz, microwave power of
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2.5 mW, center field of 300 mT, sweep width of 300 mT, time constant of
0.01 ms, temperature of 20°C, controlled humidity, and a DPPH (2, 2-
Diphenyl-1-picrylhydrazyl, Bruker) as reference.

All EPR spectra recorded under the present conditions were evalu-
ated taking in account their features as peak-to-peak amplitude (PPA),
and g-value (Eq. (3)). Three samples of suspensions were used for each
measurement condition, and an average spectra was obtained for eval-
uation. The normalization of the EPR measurements was performed by
dividing the average EPR spectra intensity by sample mass, followed by
dividing the result by the peak-to-peak height of the DPPH.

g=714.4775 (Bl> 3)
0

Where, v is the microwave frequency in hertz (GHz), and By is the
magnetic field in gauss (G).

3. Results and discussion

Particle size evolution of YET powders as a function of thulium (Tm)
content is illustrated in Fig. 1a. As can be seen, “pure” yttria (0%at. Tm)
exhibited the narrowest particle size distribution, where the diameter
fractions d;o-dgg are below 100 nm. On the other hand, dopping yttria
with Tm led to formation of powdered compositions with larger particle
size distributions probably due to slight changes on crystal lattice and
surface features. The most significant Tm effect on particle size was
observed for the YET composition with 1.5%Tm, with the following
particle size fractions dig, dso and dgg as 375, 654, and 913 nm,
respectively. Taking in account the pink curve, which corresponds to the
50 % fraction (dsp), it is clearly evident that only the composition of 1.5
at.%Tm exhibited the largest particle size, while compositions of 0.0,
1.0, and 2.0 at.Tm% exhibited values of particle size very similar and
below 180 nm. It indicates that the processing conditions used to
disperse particles was not enough for the specific composition of 1.5 at.
%, otherwise, the composition of 2 at.%Tm, which has more Tm content
would have presented a larger particle size.

As reported in literature [30-39], surface potential drives the ten-
dency of particles to form agglomerates by creating bonds between
particles. In addition particle size has great effect on further stages of

(a)

Particle size (nm)

T T

0.0 0.5 10 15 2.0
Composition (Tm, at.%)

Fig. 1. Powder characterization of the YET compositions as a function of Tm
content: (a) particle size distribution with the following diameter size fractions
dj0, dsp and dgo; SEM images of the powdered samples (b) YETy; (c) YETy s; (d)
YET o; (e) YET; 5; and (f) YET, .
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processing, including the final features of the material/component
produced. Supalak et al. [40] obtained dense alumina based ceramics
using a mixture of powders, containing 70 wt% of particles with average
size of 3 pm, and 30 wt% of particles with average size of 1.65 pm.
Gadow et al. [41] observed that ceramic resins with a larger mean
particle size exhibit faster curing and a relatively low sedimentation
stability. Liu et al. [42] observed that small/narrow particle distribution
of iridium oxide produced by dual-dispersion method appears to be
preferred to reduce sedimentation issues and catalyst waste during the
ink preparation process, and as a result, reducing production costs. Wu
et al. [43] found out that increasing the beeswax (BW) content in lipid
phase reduced the solid liquid particle (SLP) size, contributed to the
formation of oleofilm with increased crystallinity degree, surface hy-
drophobicity, light, and water vapor barrier performance.

SEM images of YET powdered compositions prepared with up to 2.0
at.%Tm are illustrated apart from Fig. 1b- f. YET powders without
thulium (0 at.%Tm) exhibited agglomerate of rounded particles, whose
size is less than 1 pm. On the other hand, it was clearly evidenced that
the use of thulium at least 0.5 at%Tm (Fig. 1c) provided remarkable
changes on particle shape and size, from round to flackey shape, and size
higher than 1 pm. Moreover, increasing Tm content enhanced flacky
shape and size of powdered samples, as illustrated from Fig. 1d- f.
Considering this achievement, it seems that thulium act as a surfactant
agent, by changing particle shape from rounded (no Tm) to flackey (Tm
ranging from 0.5 to 2 at.%). Additionally, the size of agglomerates is
enhanced according to Tm content, which corroborates with the particle
size distribution data from PCS curves (Fig. 1a).

Synthesis methods, which include drying and thermal treatment
stages have substantial effect on the relation between growth and
crystallization of particles, and as a consequence, drive the size and
shape of powdered materials. Sengupta et al. [44] produced triangu-
lar/hexagonal particles by using a non-inonic surfactant Triton X-114,
while spherical particles were succeeded by using Tween 20. Song et al.
[45] found out the permeability of porous media deteriorates as the
particle shape deviates from the sphere. Nie et al.[46] reported that the
mobility of dry granular flows of large elongated grains is enhanced by
increasing the content of finer circular grains. Like size, particle shape is
an important parameter in colloidal processing. During a study per-
formed by the group[47], it was found out that ceramic suspensions
based on 25 vol% of a rare-earth oxide powdered concentrate (Y, Dy, Eu,
Tr, Tm, Lu), with elongated particles, demanded more content of
tetramethyl-ammonyum hydroxide (HTMA) to improve the dispersion
of particles by electrostatic mechanism.

Zeta potential ({) curves of YET suspensions as a function of pH are
illustrated in Fig, 2. The range of pH was set from 6 to 14 in consider-
ation that rare-earth particles tend to dissolve in pH-values below 5.5
[48]. “Pure” yttria (light blue line) exhibited an isoelectric point (IEP),
the pH-value at which ¢ is zero, at pH 9.0 in agreement with literature
[49]. A weak condition of stability was observed in a range of pH from 6
to 7.2, where zeta-values were a little bit higher than 20 mV. In addition,
from pH 7.2 up to pH 10, all pH-values were inferior than |20|mV, which
correspond to an unstable region. Apart from pH 10, conditions of
higher stability were obtained, where the maximum stability was ach-
ieved at at pH 12 and with a zeta-value of —33mV. These achievements
reported here differ a little bit of our study reported in[50], where
aqueous suspensions of yttria exhibited a IEP at pH 8.5, and high sta-
bility conditions were stablish at pH 5.5, and apart from pH 10. The
difference observed between theses studies can be attributed to yttria
powders characteristics as size, shape, and chemical composition.

Doping yttria with rare-earth metal(s) led to a substantial change on
the surface chemistry of particles, providing a difference response at
interface solid-particle-surface/aqueous solvent according to pH. YET
suspensions prepared with only europium (YET, 0 at.%Tm) - Fig. 2
presented low stability from pH 6 to 8.7, whereas high stability was
achieved at pH-values above 8.8, with a zeta-value near to 30 mV at pH
10. Additionally, it was identified that doping yttria with europium
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Fig. 2. (a) Zeta potential curves of YET compositions ranging from 0 to 2 at.%
Tm as a function of pH, (b) particles come to form agglomerates at IEP, where
C-value is zero.

provided a remarkable change on IEP of yttria, from pH 9.0 (pure yttria)
to 7.6 and as a result, a wider range of stability was observed apart from
pH 8.8 until pH 14.

On Fig. 2, the YET 1 at.%Tm suspension exhibited the highest zeta
potential values ({ > 38 mV) among all compositions evaluated. More-
over, it is seen that setting pH-values to 7.5-9 lead YET suspensions to
fall into unstable region (light pink square), where attraction forces
become more effective, and particles begin to form flocs. In the weak
flocculation state, particles form flocs in suspension with at least a
minimum equilibrium separation, whereas in strong flocculation state,
particles form a particulate network, or clusters [29]. Furthermore,
except YET 0 at.%Tm, all YET compositions exhibited also high stability
in the range of pH from 6 to 7.4, with {-values ranging from 60 to 70 mV.
This result is attributed to the balance of charges between Y, Eu and Tm
ions that provided a surface potential much more effective for acid
condition. Even though YET suspensions exhibited outstanding stability
behaviour in lower pH values, previous studies[51-57] revealed that
rare-earth particles are usually soluble in acid condition, which means
pH values below pH 7. It is also observed that all compositions presented
a tendency of decrease (-values apart from pH 13, where this effect was
more representative for the following compositions Y203 and YET 1 at.%
Tm and YET 2 at.%Tm. As predicted by Stern model[58], a solid particle
has a limit of adsorption of ions from suspension during the formation of
the electric double layer (EDL). By increasing the ionic strength by pH
adjustment to higher values those ions that cannot constitute EDL begin
to act as an opposite force to reduce the EDL thickness, thus lower
¢-values are recorded during characterization of samples.

The unstable region highlighted on Fig. 2 illustrates the great effect
of co-doping yttria with thulium (Tm) and europium (Eu) on IEP of the
powdered compositions. While “pure” yttria exhibited an IEP at pH 8.8,
doping it with 2 at%Eu (YET 0 at.%) led to a remarkable shift on its IEP
to pH 7.6. Increasing Tm content still provided the displacement of IEP,
however in lower magnitude, from pH 7.6 (0%at Tm) to pH 7.8 (2 at.%
Tm). The displacement of the IEP of the YET suspensions to lower pH
value provide as advantage a wider range of stability of particles which
can be achieved apart from pH 8.3. The IEP is a key parameter in
colloidal processing. Stable suspensions are usually prepared as pH-
value is far prom IEP. At IEP {-value is O due to no formation of EDL,
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and as a consequence, particles are subject of attraction forces as van der
Waals, and tend to form agglomerates, as illustrated in Fig. 2b.

It was noticed that both Eu and Tm as activators of yttria also
improved its dispersion behaviour in aqueous solvent. This achievement
had also been observed in our previous study [8] on thulium-yttria
particles, where the use of Tm provided the displacement of IEP of
yttria from pH 8.5 to pH 9.2. Additionally, most thulium-yttria based
suspensions were highly stabilized at pH 10.5. In ceramic processing,
dispersant agents based on large polymer chains are commonly used to
provide larger range of pH for stability of particles. Lingling et al.[59]
using a polymethacrylate ammonium salt (Dolapix CE 64) induced a
great shift on IEP of yttria suspensions from pH 8.7 to 4.0. Moreover,
sometimes the IEP of a substance is not observed during zeta evaluation
as reported in [60]. In this study, parisite-(Ce) based suspensions in
hydroxamate solution did not present an IEP, but only zeta potential
values from —40 to 110 mW in the range of pH from 3 to 12,
respectively.

A didactic representation of how pH-value is effective on dispersion
of YET; ¢ particles is illustrated from Fig. 3a— h. It is clearly evidenced
that YET; suspensions prepared at pH-value far from IEP (7.76)
exhibited greater dispersion, and during drying formed a uniform
ceramic film with small agglomerates, as observed in Fig. 3d- f and g,
respectively. While those suspensions prepared at pH-value near IEP,
produced ceramic films with non-uniform dispersion of particles and
large agglomerates superior than 100 pm, as observed in Fig. 3b and c. A
relative dispersion of particles was observed in Fig. 3a- e, and Fig. 3h,
with a distribution of large and small agglomerates of particles. These
findings corroborate with those observed in zeta potential curves in
Fig. 2.

The pH-value is a key parameter in ceramic processing based on
colloidal suspensions. As particles are in colloidal scale, they are usually
subject of attraction forces as van der Waals. Thus, it is fundamental to
promote and enhance the dispersion mechanism to avoid particles to
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form undesired agglomerates. The promotion of dispersion of particles
by adjusting pH of solution/suspension is known as electrostatic
dispersion. When a solid particle is immersed in aqueous solvent its
surface interacts with ions in solution. Ions with opposite charge of
particle (counterions) are attracted and adsorbed on particle surface,
forming a dense layer assigned to Stern layer. While those ions with the
same charge of particle (coions) are attracted by those ions in Stern
layer, they are also repealed by particle, and forming a Diffuse layer. The
density of co-ions increases as a function of distance of particle On the
other hand, the surface potential (¥) decreases according to the distance
from the particle surface. The sum of Stern layer and Diffuse layer results
in the Electric Double Layer (EDL), which is responsible to drives the
dispersion of particles by electrostatic mechanism induced by the pH-
value of solution/suspension. Additionally, the surface potential at
shear plane, which means those ions that are able to follow the particle
during the application of an electrical field, can be calculated and rep-
resents the zeta potential of particles. It is commonly reported[61-65]
that zeta potential is measured, in fact is a parameter calculated from the
measurement of electrophoretic mobility (p.) of particles, as expressed
in Eq. (2). A complementary and practical discussion on zeta potential
was reported by Kosmulski[66].

The stability of {-values of the YET suspensions as a function of time
is shown in Fig. 4. According to results, despite of YET 2 %, all other
compositions exhibited a small variation in {-values during 300s of
evaluation, which was inferior than 3 mV. This result makes clear that
the dispersion mechanism between particles based on electrostatic
repulsion is effectively in equilibrium. On the other hand, YET 2 %
composition showed a tendency of decrease (-values from —45 to
—32mV, which indicates the electrochemical equilibrium was not ach-
ieved. In addition, ionic strength of the medium induces a compression
in EDL thickness by desorption of ions on YET particles surface. The EDL
and stability of particles is driven by the sum of adsorption energies (E)
in a dispersion system, as follows: solid particles (Eg) + liquid/solvent

Fig. 3. Effect of pH on dispersion of YET particles in aqueous solvent: OM images of suspensions prepared at pH (a) 5.75, (b) 6.70, (c)7.70, (d) 8.81, (e) 9.55, ()

10.12, (g) 10.51, (h) 11.05.
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Fig. 4. Evaluation of zeta potential stability of YET suspensions based on
different Tm compositions during 300s.

(Ep - the interface solid/liquid (E;). Here, the solid interface is YET
surface particle, while solvent is water and salts solutions. For YET 2 %
suspensions some approaches should be considered to enhance and
maintain {-values at high levels, as set pH-value to a further alkaline
condition and far from IEP, increase homogenization time of suspen-
sions and use less concentrated electrolyte solution (KCl, 1073 M.

The EPR espectra of YET suspensions as a function of pH are illus-
trated in Fig. 5. According to results, ranging pH from alkaline to acid
condition did not induce changes on the shape of EPR spectra
(Fig. 5a—c), and no formation of additional resonance peaks either. As
reported in our previous study[67], the resonance peak recorded at 160
mT is ascribed to oxygen vacancies provided by both europium ion

(a)YE

pH -
| R b_/

W87

W oo

9.7

M 103

Hios8

KCI 107M
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Eu?t/Eu®h) and oxygen super oxide ion (03) from sintering atmo-
sphere. In addition, a significant distinction between EPR spectra have
been observed. While YE suspensions exhibited isotropic EPR spectra
with sharp shape (Fig. 6a), YET suspensions (Fig. 6b and c¢) presented
EPR spectra with lower intensity and considerable noise, which suggest
that using thulium as a second dopant of yttria, in fact, reduced the
formation of paramagnetic species by charge compensation, including
recombination with those defects previously provided by doping with
europium.

Co-doping effect on yttria EPR response, here represented by peak-
to-peak amplitude (PPA) of the EPR signal, is clearer illustrated in
Fig. 6a—c. For all samples evaluated, higher PPA values were achieved
far from IEP, and the most significant were observed at pH 11.0, 10.0,
and 12.5 for YE (Fig. 6a), YETy 5 (Fig. 6b), and YET; o(Fig. 6¢), respec-
tively. The enhancement of the EPR signal follows the behaviour of zeta
potential curves (Fig. 2), which means the EPR signal intensity increases
as pH moves toward alkaline condition. Besides, as pH value reaches
such alkaline condition, the particle surface is fully covered by adsorbed
ions (EDL formation). Beyond this condition, those ions that cannot be
attached on particle surface (by electrostatic attraction) remains in so-
lution and induces a process of increasing ionic strength of medium. As a
result, these free ions compress the EDL of particle by reducing its width
and dispersing effect. Moreover, the results indicate that the use of
thulium as co-dopant of yttria provided changes on surface chemistry of
particles that do not enable satisfactory the adsorption of ions from
aqueous solvent, which means the electrochemical reaction was not
favourable to form a thick EDL as compared to YE suspensions.

As illustrated in Fig. 7, the pH of suspensions did not induce great
influence on g-values of YET samples. For YE suspensions g-values
varied from 4.298 at pH 6.8 to 4.295 at pH 10.8. Additionally, for YET, 5
suspensions the variation of g-values was quite small, where at extremes
of pH scale (pH 5.4 and pH 10.4), both g-values were 4.319. Besides, for
YET o suspensions g-values varied from 4.324 to 4.315 at pH 5.4 and pH
12.4, respectively.

The use of two rare-earth dopants as europium and thulium had the
aim to improve the EPR response of yttria and to form nanoparticles

(b) YETq5

KCl 107°M
T T T T T
115 140 165 190 215

Magnetic Field (mT)

(c) YET1o

T T T T T
110 135 160 185 210
Magnetic Field (mT)

T T T T T T
100 125 150 175 200 225
Magnetic Field (mT)

Fig. 5. EPR spectra of YET suspensions as a function of pH recorded in environmental atmosphere and temperature.
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Fig. 7. Variation of g-values of YET suspensions as a function of pH.
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with new reactant sites. While the first aim is of great interest of
dosimetry application, the second is dedicated to colloidal processing of
ceramics. Thus, the control of inter-particle forces is very important to
produce ceramic bodies from suspensions with uniform shape and
suitable microstructure for an end-use purpose. Based on results, the
present work innovates by reporting an approach to correlate zeta po-
tential achievements of YET suspensions with Electron Paramagnetic
Resonance characterization. These findings are substantial parameters
to advance toward formation of new are-earth based materials for ra-
diation dosimetry.

4. Conclusion

The stability of europium, thulium co-doped yttria nanoparticles
(YET) in aqueous solvent as a function of pH was evaluated by a cor-
relation approach between zeta potential and Electron Paramagnetic
Resonance (EPR) techniques. Based on zeta potential results, while
“pure” yttria and YET( suspensions exhibited stability apart from pH 10,
all other YET compositions presented high stability in a range of pH from
pH 6 to 7, and from pH 10 to 12. The isoelectric point (IEP) of YET
particles changed according to thulium content, from pHjgp 8.5 to 9.2.
According to EPR results, the peak-to-peak amplitude (PPA) of the EPR
spectra of the YET suspensions increased following zeta potential fea-
tures, where higher values of PPA were achieved in alkaline condition.
Moreover, g-value of the YET samples presented a narrow variation as a
function of pH. These findings are substantial parameters to advance
toward formation of new rare-earth based materials for radiation
dosimetry.

5. Current future and developments

Particle stability in aqueous solvent is an important topic in materials
science, seeing that its applicability takes place since agriculture up to
nuclear technology. Even though zeta potential is a mature technique to
evaluate particle stability, the complement of an additional technique is
very useful to corroborate the findings, and also to understand other
phenomena that could not be observed using only one technique.
Moreover, it is fundamental do advance toward studies on how ionizing
radiation changes particle surface and its behavior as dispersed in
aqueous solvent. Besides, the microstructure formation based on irra-
diated particles is worth of investigation.
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