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a  b  s  t  r  a  c  t

The  use  of renewable  materials  is essential  toward  green  economy.  Vegetable  structures  are  abundant,
exhibit  complex  hierarchically  built  shape  and  an architecture  that  is  promising  to  form  functional  mate-
rials.  In  this  work  using  a mixture  of  rare  earth  oxides,  which  contain  around  57  wt%  yttrium  oxide,
cellular  ceramics  by bio-prototyping  from  the  vegetable  sponge  Luffa  cylindrica  were  produced  and  the
thermoluminescence  response  was  evaluated.  By  colloidal  processing  aqueous  suspensions  with  25 vol%
solids content,  pH  10, 1  wt%  deffloculant  and  0.2 wt%  binder  exhibited  shear  thinning  behavior  and  appar-
ent  viscosity  suitable  for replica  method.  By  thermal  treatment  at 1600 ◦C for  2  h  in air  biomorphic  rare
earth  ceramics  with dense  microstructure  and  reticulated  architecture  were  produced.

© 2015  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Rare earth elements (RE) have unique chemical and physical
properties and therefore are very useful for high technological
applications such as permanent magnets [1], batteries [2], thin
films semiconductors [3], phosphors [4], petroleum catalysis [5],
gas burners [6], radiation dosimeters [7], biological tracers [8] and
diagnostic contrast [9]. Since no alternative materials that exhibit
similar performance of RE have been found yet, UNEP (Global
Environmental Alert Service) have done many alerts about the
green economy vulnerability to rare earth minerals shortages [10].
In addition, any restriction in the production and supply of RE
may  have serious consequences for the world’s transition to green
energy supply, as well as may  affect the global economy since the
technologies are important in creating jobs, promoting economic
growth, and fighting climate change.

From RE, yttrium oxide (Y2O3) also known as yttria has intrin-
sic chemical and physical properties as melting point around of
2400 ◦C, refractive index of 1.9, thermal and chemical stability
[11,12]. Y2O3 is used for processing of advanced materials as
sintering additive [13], catalysis [14], phosphors [15], ionic con-
ductors [16], thin films [17], special alloys [18] and lasers [19]. Abe
et al. [20] prepared yttrium doped europium (Y2O3:Eu3+) nanopar-
ticles by homogenous precipitation. The obtained nanoparticles
exhibited strong and narrow red photo luminescent spectra, as well
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as promising biocompatibility. Li et al. [21] produced yttrium doped
zinc oxide nanofibers (ZnO:Y2O3) by electrospinning method. The
produced nanofibers exhibited uniform morphology, high spe-
cific surface area (40.2 m2 g−1) and gas sensing. Santos et al.
[22] developed Y2O3 nettings with dense microstructure, reticu-
lated structure and thermoluminescent response (� = 550 nm and
T = 150 ◦C) by colloidal processing and followed by replica from a
nylon–cotton template.

Innovative actions toward green economy involves the con-
trolled use of RE and smart process. In this context, colloidal
processing leads the formation of reliable ceramic components
whereby the ceramic suspension structure is controlled for a
desired shape forming. This method is followed by thermal treat-
ment for consolidation of the particles and formation of the final
microstructure [23–25]. Moreover, the use of renewable materials
such as wood [26], coral [27], cotton [28], and vegetable sponge
[29] as templates to produce biomorphic functional ceramics leads
also to green economy consolidation. Santos et al. [30], developed
�-Y2Si2O7 reticulated ceramics from biotemplating of the veg-
etable sponge gourd of Luffa cylindrica.  The sponge architecture is
promising for gas burner design because its reticulated structure
can improve gas burning and light emission.

In this work a process to form cellular rare earth ceramics by
bio-prototyping from L. cylindrica is presented. Apart from colloidal
processing of rare earth oxides followed by replica method, cellular
ceramics with reticulated structure and dense microstructure were
produced.

http://dx.doi.org/10.1016/j.jeurceramsoc.2015.10.024
0955-2219/© 2015 Elsevier Ltd. All rights reserved.

dx.doi.org/10.1016/j.jeurceramsoc.2015.10.024
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2015.10.024&domain=pdf
mailto:silas.cardoso@usp.br
mailto:silascs@ipen.br
dx.doi.org/10.1016/j.jeurceramsoc.2015.10.024


792 S.C. Santos et al. / Journal of the European Ceramic Society 36 (2016) 791–796

2. Experimental

RE2O3 powders (RE/wt% = Y/56.6; Dy/19.4; Er/6.5; Lu/4.1;
Ho/3.1; Yb/2.0) with pycnometric density (�) of 6.03 g cm−3 and
specific surface area (SSA) of 20.5.9 m2 g−1 were produced through
calcination of rare earth carbonate as reported in our previous work
[6].

The thermoluminescence characterization of RE2O3 powders
was performed with a TL reader (Risø TL/OSL-DA-20). The sam-
ples were evaluated at a heating rate of 10 ◦C s−1 up to 400 ◦C in
nitrogen atmosphere.

The mean particle size (d50) of RE2O3 was measured by
means of Photon Correlation Spectroscopy (PCS, ZetaPALS Ana-
lyzer, Brookhaven Instruments). For PCS measurements an aqueous
suspension with 0.01vol% solids at pH 10, which is a good condition
to disperse particles [30], was prepared. For dispersion of particles
tetraethylammonium hydroxide (TMAH, Sigma–Aldrich) was  used
as deffloculant. The homogenization of ceramic suspensions was
performed on a ball mill for 24 h.

RE2O3 aqueous suspensions with 25 vol% solids content
were prepared at pH 10 from tetramethylammonium hydrox-
ide (TMAH, Sigma–Aldrich), 1 wt% PAA (poly-acrylic ammonium
acid, Sigma–Aldrich), 0.2 wt% CMC  (carboxymethyl-cellulose,
Sigma–Aldrich) based on the suspension weight. All suspensions
were homogenized in a ball mill for 24 h, using alumina spheres
(Øspheres = 10 mm).

The flow behavior of RE2O3 suspensions was evaluated with a
rheometer (Haake RS600, Thermo Scientific). The sensor system
consisted of a double-cone rotor and a stationary plate (DC60/1◦).
The flow behavior of the suspensions was characterized in the
control rate mode (CR) and compared with rheological models
available in rheometer database (Haake Rheowin Data Manager v.
3.61.0.1). All measurements were evaluated at 25◦ by increasing
the shear rate ( �̇) from 0 to 1000 s−1 in 5 min, holding for 2 min  at
1000 s−1 and returning to 0s−1 in 5 min. For each CR step 200 points
were measured.

The vegetable sponge gourd (L. cylindrica,  LCy) was  used as a
template once it exhibits a reticulated structure promising for gas
burner technology. LCy samples were immersed in RE2O3 aque-
ous suspension for 30 min  (optimized time) [31]. The impregnated
samples were sintered in a vertical furnace (Lindberg/Blue M),
where the thermal treatment conditions were based on thermal
and gravimetric analysis results of LCy fibers (TGA/TDA, S60/38336
Setaram). The microstructure of the LCy fibers, impregnated
samples and biomorphic replicas were evaluated with scanning
electron microscopy (SEM, TM3000Hitachi and SEM, INCAx-act
Oxford Instruments). The crystalline structure of the biomorphic
RE2O3 replicas was evaluated by X-ray diffraction (XRD, Rigaku
Multiflex), with scanning at 0.5◦ min−1, from 10–80◦ (2�),  Cu-K�
radiation.

3. Results and discussion

The mean particle size distribution of RE2O3 particles performed
with PCS is shown in Fig. 1. As a result, RE2O3 particles exhib-
ited a nanosized particle distribution with a mean diameter (d50)
of 722.6 nm,  which is almost fifteen times higher than the theo-
retical diameter (dBET) calculated from specific surface area (SSA)
dBET = 48.7 nm.  This significant size difference was due to the shape
factor (elongated particles, Fig. 1b) and the agglomerated state of
particles, in which the agglomeration factor was very high around
of 14.85. In addition, the difference between minor (d10) and major
(d90) size distributions (Span) and the relative span were 294.1 nm
and 0.41 respectfully.

Particle characteristics have a significant effect on ceramic pro-
cessing from suspensions such as, packing density, size and shape
of pore interstices, rheological behavior and drying, as well as
microstructure formation [32]. Besides, particles which are in col-
loidal scale are ruled by surface forces being able to agglomerate
easily [33]. As RE2O3 particles exhibit a shape factor far from spher-
ical, nanosized particle distribution, high pycnometric density and
agglomerated state the processing of ceramic suspensions have to
be very effective in order to lead stable suspensions with suitable
viscosity for replica method.

Fig. 2 shows the TL response of RE2O3 powders. From the
result is observed that there was  no formation of TL peaks from
� = 350 up to 750 nm.  All emission of light took place on infrared
range (� = 750–4300 nm), where an intense peak was  recorded
at � = 1000 nm and T = 400 ◦C. Considering that RE2O3 is consti-
tuted of a mixture of rare earth oxides (RE/wt% = Y/56.6; Dy/19.4;
Er/6.5; Lu/4.1; Ho/3.1; Yb/2.0), the RE activator ions can interfere
in luminescence behavior of each other and consequently in the
TL response. In addition, particle characteristics have influence on
luminescence performance, e.g. particle size, particle shape and
surface roughness. Feofilov [34] reported that the time life of RE3+

ions tend to increase as a function of decreasing particle size. Bol-
shukhin [35] et al. showed that nanoparticles of Sr4Al2O3:Eu3+

exhibits higher luminescence and luminous persistent.
The image by SEM of the LCy vegetable sponge used for for-

mation of biomorphic ceramic components by replica method
is shown in Fig. 3. The LCy template of pycnometric density
� = 1.55 g cm−3 exhibits a reticulated structure (Fig. 3a), and fibers
in random disposition like a web  (Fig. 3b). The vegetable fibers
presented a mean diameter of = 60 �m and a specific surface area
SSA = 22.5 m2 g−1. In addition, vegetable fibers are composed of fib-
rils, which are joined together by a vegetal resin tissue (Fig. 3c).

The use of renewable materials is an important contribution for
sustainable development. Nevertheless, it is usually necessary to
do a previous treatment of the material before using [36–39]. The
conditioning treatment depends on the type of vegetable sponge,
type of soil, climate conditions and age of plant. For LCy template
(Fig. 2d), the alkaline treatment with 2 wt%  NaOH at 60 ◦C for 2 h
was successful to remove surface substances such as cellulose and
lignin. Besides, microchannels and scratches are visible on fibers
surface (Fig. 2d—white arrows). In conclusion, the chemical treat-
ment used in this work was suitable to clean fibers surface and to
adequate the LCy template for impregnation method.

In Fig. 4 is shown the plot of flow curves of RE2O3 suspensions
in CR mode up to 1000 s−1. As described in our previous work [6],
the stability conditions for RE2O3 suspensions are pH 10, 1 wt% PAA
and 0.2 wt% CMC. Ceramic suspensions based on 25 vol% RE2O3 and
prepared at these conditions exhibited shear thinning behavior, in
which the apparent viscosity (�) decreases as the shear rate ( �̇)
increases. Extreme values of � are observed at �̇ <50 s−1 as a con-
sequence of the ceramic suspension changed from static to flowing
state. In addition, RE2O3 suspension exhibited � <100 mPa s from �̇
>200 mPa  s, which indicates that ceramic particles were well dis-
persed. The rheological behavior of RE2O3 suspension in CR mode
fitted to Cross model (�0 = 14.27 mPa s; �∞ = 23.11; �̇ = 2.397 s−1;
n = 0.2347). Besides, the ceramic suspension exhibited a thixotropy
around of 4.394.106Pa.s−1 due to particle characteristics (size and
shape), which lead to formation of agglomerates. Furthermore, the
thixotropic behavior can be associated with extension of polymers
chains, particles deformation, and break down of particle agglom-
erates formed by CMC  binder.

Shear thinning suspensions are suitable for replica method.
In this context, the suspension exhibits low viscosity as undergo
a shearing and shows high viscosity in static condition. Hence,
the ceramic suspension remains on the template surface during
impregnation method. In Fig. 5 are shown images by SEM of LCy
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