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� Bio-prototyping of yttrium disilicate burner is reported.
� The effect of Dy3þ on thermoluminescent response of yttrium disilicate is discussed.
� Radiant efficiency of the biomorphic yttrium disilicate burner is evaluated.
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a b s t r a c t

The present study reports a process to develop a porous biomorphic dysprosium doped yttrium disilicate
burner from biotemplating of Luffa Cylindrica and its thermoluminescent response is evaluated. Pro-
cessing parameters such as rheological behavior of the ceramic suspensions, surface chemistry of the
nanoparticles, microstructure, thermal stability of the biotemplating, as well as thermoluminescent
response of the nanoparticles, were investigated. Ceramic suspensions prepared at pH 10 from tetra-
methylammonium hydroxide, 2 wt% polyacrylic ammonium salt and 0.4 wt% carboxymethylcellulose
exhibited shear thinning behavior, suitable apparent viscosity for replica method and porous micro-
structure as sintered. Promising thermoluminescent result of the yttrium disilicate nanoparticles was
observed at 580 nm and at 180 �C. The burner prototype sintered at 1500 �C for 7 h exhibited reticulated
shape similar to biotemplating, porous microstructure with mean grain size around 1 mm, no apparent
cracks, pycnometric density of 3.21 g cm�3 (80% of theoretical density; 4.04 g cm�3) and radiant effi-
ciency of 13%. These results show that controlling stability of nano particles leads to form a micro-
structure with controlled grain size and porous distribution, which enhances porous burner efficiency.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The transition from fossil to green economy (low-carbon energy
system) depends on innovative processes to generate, share and
save energy. According to the International Energy Agency (IEA) to
provide universal access to energy by modern energy technologies
is one of the greatest challenges of this century [1,2].

Based on the context of green economy [3e8] porous ceramic
burners have been shown as a sustainable technology to produce
heat and lighting even though by burning low calorific fuels from
modern biomass, such as ethanol and biogas [9,10]. Basically the
combustion process in a porous ceramic burner consists in heat
circulation. The heat comes from the gas to the ceramic solid and it
n.br (S.C. Santos).
comes from the ceramic solid to the gas [11]. Good reviewworks on
porous burners are available in elsewhere [12e16].

With intrinsic proprieties as high thermal stability, high hard-
ness, low density and chemical inertness, ceramic materials such as
alumina (Al2O3) [17], silicon carbide (SiC) [18], yttria stabilized
zirconia (YSZ) [19] have been shown as interestingmaterials for gas
burner applications. Yttrium disilicate (Y2Si2O7) exhibits melting
point of 1775 �C, stability in oxidant environment and significant
optical andmechanical properties [20e22]. Despite of having many
advantages, Y2Si2O7 has five polymorphs (y, a ��!1225�C

b ��!1445C
g ��!1535�C

d)
[23e26] and the stabilization of each phase has not been consoli-
dated yet. Hence, most of contributions have been aimed on syn-
thesis of Y2Si2O7 powders by sol-gel [27], hydrothermal [28] and
solid-state reaction [29]. Therefore, many issues on processing of
Y2Si2O7 have to be investigated.

Colloidal processing is a method to form reliable ceramic com-
ponents whereby the structure of ceramic suspension is controlled
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Fig. 1. Basic diagram of set-up performed to evaluate radiant efficiency of b-
Y1.95Dy0.05Si2O7 burner prototype.
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for a desired shape forming. This method is accomplished by a high
temperature heat treatment for consolidation of the particles to be
satisfied [30e32]. In recent work, Santos et al. [33], developed b-
Y2Si2O7 reticulated ceramics from biotemplating of the vegetable
sponge gourd of Luffa Cylindrica. The sponge architecture is inter-
esting for gas burner design because its reticulated structure can
improve gas burning and light emission.

Rare earth doped yttrium disilicate (Y2Si2O7:RE) exhibits
promising luminescent response. Diaz et al. [34] prepared b-
Y2Si2O7:Dy3þ nanoparticles, which light emission was 40% of the
Y2O3:Eu3þ. GONZAL�EZ et al. [35] observed white, red and green
light emission from Y2Si2O7:Ce3þ,Tb3þ; Y2Si2O7:Eu3þ and
Y2Si2O7:Tb3þ respectively. Considering the experience from our
previous work on colloidal processing of b-Y2Si2O7 [33] and bio-
prototyping [36], the present study aims to obtain dysprosium
doped yttrium disilicate porous burner prototype from bio-
templating of Luffa Cylindrica. The effects of particle size-shape,
viscosity of suspension, bio-template architecture and thermal
treatment on the formation a porous microstructure of the burner
prototype are reported. In addition, thermoluminescent response
and radiation efficiency of the burner prototype are evaluated.

2. Experimental

By hydrothermal method [33] b-Y1.95Dy0.05Si2O7 powders with
pycnometric density (r) of 4.04 g cm�3 and specific surface area
(SSA) of 10.9 m2 g�1 were produced.

The mean particle size (d50) was measured by means of Photon
Correlation Spectroscopy (PCS, ZetaPALS Analyzer, Brookhaven In-
struments). For PCS measurements an aqueous suspension with
0.01 vol% solids at pH 10, which is a good condition to disperse
particles [33], was prepared. For dispersion of particles tetraethy-
lammonium hydroxide (TMAH, Sigma-Aldrich) was used as
deflocculant. The homogenization of ceramic suspensions was
performed on a ball mill for 24 h.

Zeta potential (z) in aqueous mediumwas evaluated with a light
scattering analyzer (ZetaPALS, Brookhaven Instruments Corpora-
tion). Stock suspensions with 0.5 g L�1 solids were prepared with
NaCl 10�3 M as an indifferent electrolyte. HCl and KOH solutions
were used to set the pH of the stock suspensions from acid to
alkaline condition (pH 5.6e12). Further, 0e3 wt% of polyacrylic
ammonium acid (PAA, Duramax D3005) was added to the stock
solution. All suspensions were homogenized in an ultrasound
cleaner for 2 min (Dr.Hielscher 400US).

The stabilization parameters for yttrium disilicate suspensions
are from our previous work [33]. Therefore, b-Y1.95Dy0.05Si2O7
suspensions with 25 vol% were prepared with tetramethylammo-
nium hydroxide (TMAH, Sigma-Aldrich), 1 wt% PAA, 0.4 wt% CMC
(carboxymethyl-cellulose, Sigma-Aldrich). All suspensions were
homogenized in a ball mill for 24 h, using alumina spheres
(Øspheres ¼ 10 mm).

The flow behavior of b-Y1.95Dy0.05Si2O7 suspensions was evalu-
ated 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 char-
acterized in the control rate mode (CR) and compared with rheo-
logical models available in rheometer database (Haake Rheowin
Data Manager v. 3.61.0.1). All measurements were evaluated at
25 �C by increasing the shear rate ( _g) from 0 to 1000 s�1 in 5 min,
holding for 2 min at 1000 s�1 and returning to 0 s�1 in 5 min. For
each CR step 200 points were measured.

The sponge gourd (Luffa Cylindrica, LCy) was used as a template.
LCy was cut and shaped like a bulb lamp (40 � 40 � 10 mm). Im-
mersion of samples was performed in b-Y1.95Dy0.05Si2O7 suspen-
sion for 30 min (optimized time) [37]. After the excess ceramic
material had been squeezed out, the samples were dried at envi-
ronmental temperature for 24 h. The impregnated samples were
sintered in a vertical furnace (Lindberg/Blue M), where the thermal
treatment conditions were based on thermal and gravimetric
analysis (TGA/TDA) results of LCy fibers. The microstructure of the
sintered samples was evaluated with scanning electron microscopy
(MEV, TM3000 Hitachi and MEV, INCAx-act Oxford Instruments).

The performance of the ceramic burner prototypewas evaluated
by means of the radiant efficiency (Nrad), which consists in the
ration between the chemical energy from the fuel and thermal
energy from the porous structure (Equation (1)) [38]. For gas
burning test methane (CH4, 99.5%, 150 kgf cm�2,
DHL ¼ 6.200 Kcal kg�1, White Martins, Brazil) and butane (C2H10,
99.5%, 2.2 kgf cm�2, DHL ¼ 11.900 Kcal kg�1, White Martins, Brazil)
gases were used as fuels. To measure the burner temperature
during operation an optical pyrometer (Minipa, MP 350,
Tmax ¼ 700 �C, DT ¼ ±2 �C) was used. The basic set-up performed to
measure Nrad is illustrated in Fig. 1.

Nrad ¼
�

Qrad
vg:DHL

�
� 100 ½%� (1)

where,

� Qrad ¼ t. Τ4 [W m�2];
� t¼ 5.6697.10�8 W m�2 K�4 (Boltzmann constant);
� T ¼ Temperature [K];
� Vg ¼ fuel flow [cm3 min�1];
� DHL ¼ calorific fuel power [kcal kg�1];

Thermoluminescence (TL) measurement of b-Y1.95Dy0.05Si2O7
particles was performed on a thermoluminescence reader (Risø TL/
OSL-DA-20) based on a heating condition up to 700 �C and a
spectrometer (Ocean Optics, model QE65 Pro) with spectral sensi-
bility from 200 to 950 nm. The samples were heated at a heating
rate of 2 �C s�1 up to 400 �C in nitrogen atmosphere. Before TL
measurements, samples were irradiated with g dose 2 kGy using
60Co.
3. Results and discussion

Fig. 2a shows the mean particle size distribution of
Y1.95Dy0.05Si2O7 particles measured by PCS. As a result, b-
Y1.95Dy0.05Si2O7 particles exhibited a narrow particle distribution
with mean diameter (d50) of 242 nm, whereas the theoretical
diameter (dBET) was 35.7 nm. This significant size difference was



Fig. 2. Characterization of b-Y1.95Dy0.05Si2O7 nanoparticles (a) mean particle size distribution by means of PCS and (b) particle size and morphology by SEM.
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due to the agglomerated state of particles, in which the agglom-
eration factor (Fag) was 6.8. Besides, the size difference (Span)
between minor (d10) and major (d90) distributions was 60 nm,
which is a quarter of d50. Furthermore, relating Span to d50 (relative
span) the difference is much less 0.25. Therefore, b-Y1.95Dy0.05Si2O7
powders showed narrow particle size distribution, which is desir-
able for colloidal processing of ceramic suspensions.

Particle characteristics have a significant effect on ceramic
processing such as, packing density, size and shape of pore in-
terstices, flow (rheology), and drying, as well as microstructure
[39]. In our prior work [33] stable suspensions based on 30 vol% b-
Y2Si2O7 (d50¼ 97 nm) with shear thinning behavior were prepared.
In Fig. 2b is shown a SEMmicrograph of b-Y2Si2O7 nanoparticles. As
it is seem ceramic nanoparticles are composed of agglomerates of
particles whose size was around 50 nm. Particles that present
colloidal size distribution are ruled by surface forces and tend to
agglomerate easily.

Zeta potential curves of b-Y1.95Dy0.05Si2O7 as a function of pH
and PAA are shown in Fig. 3a. With consideration that the occur-
rence of hydrolysis and solubility of rare earths is in acid condition
[40], the pH range was set from 5.5 to 12. Suspensions with no
Fig. 3. Stability evaluation of b-Y1.95Dy0.5Si2O7 in aqueous medium: (a) zeta potential
curves as function of pH and PAA, (b) displacement of isoelectric point (IEP) according
to PAA dosage.
dispersant (0 wt%PAA) exhibited isoelectric point (IEP) at pH 8.3, an
intermediate value as compared to Y2O3 and SiO2 pHIEP ¼ 8e9 and
pHIEP ¼ 8e9 respectively [32]. At IEP zeta potential is zero
(z ¼ 0 mV) and therefore attraction forces are intense, leading
particles to agglomerate. Thus, it is desirable to set pH far from IEP
in order to prepare stable suspensions. For all pH range the stability
condition of b-Y2Si2O7 nanoparticles was reached at pH < 7
(jzj ¼ 50 mV) and pH � 9.5 (jzj ¼ 40 mV).

The addition of PAA was useful to promote larger pH range of
stability, displacing IEP from 8.3 to 6.3 (Fig. 3b). The stabilization of
particles was improved through absorption of high charged poly-
mer chains on particle surface (electrostatic mechanism) and
through physical barrier due to sketched polymer chains (steric
mechanism) [32]. Suspensions with 0.5 wt% PAA exhibited an IEP at
pH 8.1 and conditions of stability at pH < 7.5 (jzj ¼ 30 mV) and
pH � 8.5 (jzj ¼ 25 mV). Besides, the stability of b-Y1.95Dy0.05Si2O7
particles was more significant at pH 10, resulting high zeta poten-
tial value (jzj ¼ 58mV). For 1wt% PAA, IEPwas displaced from 8.3 to
7.4 and conditions of stability were reached at pH 6e7 and
pH � 8.5. For 2 wt% PAA the displacement of IEP was remarkable
from 8.3 to 6.9 and awide range of stability was reached from pH 8.
The utmost zeta potential (jzj ¼ 60 mV) was observed at pH 10.
However, the use of 3 wt% PAA promoted an increase on ionic
strength of medium and decreased the repulsion forces between
particles consequently. In conclusion, the use of 2 wt% PAA and pH
10 (jzj ¼ 60 mV) were the most suitable parameters to prepare high
stable suspensions for replica method.

Fig. 4 shows the image by SEM of the LCy template used for
production of biomorphic ceramic components. The vegetable
sponge of pycnometric density r ¼ 1.55 g cm�3 exhibits a reticu-
lated structure (Fig. 4a), and fibers in random disposition like aweb
(Fig. 4b). Fibers presented a mean diameter øf ¼ 60 mm and a
specific surface area SSA ¼ 22.5 m2 g�1. Considering that vegetable
fibers are composed of fibrils, which are joined together by a veg-
etal resin tissue the alkaline treatment with 2 wt% NaOH at 60 �C
for 2 h was useful to remove surface substances e.g. cellulose, and
as a result microchannels and scratches were visible on fibers
surface (Fig. 4c). Similar results were observed for TANOBE et al.
[41] study as using 2 wt% NaOH at 100 �C for 1.5 h. The difference
between these parameters may be associated with the type of
vegetable sponge, type of soil, climate conditions and age of plant.
The chemical treatment used in this work was suitable to clean the
fibers surface and to adequate the LCy template for impregnation.



Fig. 4. Sponge gourd Luffa Cylindrica (LCy) used as replica template; (a) macroscopic
view of sponge showing its fibrous core and hollows; micrographs of the vegetable
fibers by SEM (b) reticulated architecture; (c) fibers surface after alkali treatment with
2 wt% NaOH, revealing surface microchannels.
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Based on our previous work [33], yttrium disilicate suspensions
with 25 vol% solids content, pH 10, 1 wt% PAA, and 0.4 wt%CMC
exhibited suitable viscosity for replica method. From this parame-
ters Y1.95Dy0.05Si2O7 suspension was prepared and its rheological
behavior in CR mode is shown in Fig. 5a. According to results the
viscosity (h) decreased as a function of shear rate ( _g), which is
characteristic of shear thinning suspensions, corresponding to
Casson Linear model [32] with the following parameters, apparent
Fig. 5. (a) Flow curves of b-Y1.95Dy0.05Si2O7 suspensions in CR mode until shear rate of
1000 s�1 and (b) optical image of LCy template impregnated using this suspension.
viscosity (h) 473 mPa s, initial tension (t0) 0.5673 Pa and plastic
viscosity (hp) 12.37 mPa s. For shear thinning suspensions the
proportionality between shear stress (t) and shear rate ( _g) is not
satisfied anymore. Shear thinning suspensions present low vis-
cosity when an external force is applied and high viscosity when it
is in static condition. Shear thinning behavior is important for many
applications such as, painting, bombing, spraying, impregnation
and casting [32].

At 1000 s�1 Y1.95Dy0.05Si2O7 suspension exhibited minimum
viscosity of 370 mPa s (Fig. 5b). Upon impregnation tests suspen-
sions prepared with 0.4% CMC led to smoothed impregnation of the
LCy surface template and preserved its original morphology and
reticulated structure. In addition, impregnated samples presented
the whole surface impregnated with a thick ceramic layer and
closed cavities. Therefore, the use of 0.4 wt% CMC leads the for-
mation of shear thinning suspensions with suitable viscosity for
impregnation method.

The Y1.95Dy0.05Si2O7 gas burner prototype sintered at 1500 �C for
7 h is shown in Fig. 6. The final component (Fig. 6a) exhibited loss
weight around 6% compared to green body, pycnometric density
r ¼ 3.23 g cm�3 (80% of theoretical density), reticulated
morphology and no apparent cracks. Surface fiber is composed of
spherical porous smaller than 1 mm as shown in Fig. 6b. The porous
microstructure is due to the burning out of the LCy template, as well
as the impregnation of a flocculated suspension. As CMC binder
dissolves in water, its macromolecules can be adsorbed on two or
more particles, leading to flocculation of particles by bridge
mechanism. As sintered the agglomerates form porous micro-
structure. In addition, it is observed that the silicate fiber is
composed of ceramic wafers (Fig. 6c), which exhibit internal porous
microstructure (Fig. 6d) and heterogeneous distribution of grains.

For gas burner technology, reticulated-porous structures enable
higher burning efficiency than solid components, seeing that
porous structures act as a heat circulator. Heat recirculation in a
porous ceramic is based on heat transferdconduction (1,2), con-
vection (3) and radiation (4), as shown Fig. 6e. First, the gas is hotter
than the ceramic, and as a result heat is transferred convectively
from the hot combustion products to the porous ceramic. Second,
the hot ceramic conducts and radiates heat in the upstream di-
rection. Third, the temperature of the ceramic is higher than the
gas, leading to a solid-to-gas convective heat transfer. Finally, the
incoming gases (air þ fuel) are preheated, reaching the ignition
temperature necessary to continue the heat circulation cycle.

Radiant efficiency (Nrad) is the capacity of a porous structure to
convert chemical energy from the fuel into heat (thermal energy).
Fig. 7 shows Nrad results for the b-Y1.95Dy0.05Si2O7 prototype as a
function of the temperature of ceramic burner and the gas used. For
CH4 and C4H10 gases, the Nrad increased according to temperature
and was maximum at 700 �C. Based on these conditions, CH4 gas
supplied a promising efficiency Nrad ¼ 13%, whereas for C4H10 gas
Nrad ¼ 12%. On the other hand, the use of C4H10 gas was useful to
improve the burner temperature (675 �C). In addition a tendency of
Nrad increment was observed. Qiu et al. [38] using Yb2O3:CeO2
porous burner achieved Nrad ¼ 13%.

Fig. 8a shows the TL spectra of b-Y2Si2O7 as a function of tem-
perature and wavelength. For b-Y2Si2O7 particles no emission of
visible light was observed (l ¼ 350e750 nm). The emission peak
was observed in infrared range (l¼ 750e4300 nm) at 1000 nm and
at 400 �C. In addition, its behavior is similar to a blackbody [42].
Apart from 200 �C a solid begins to emit radiation in a continuous
spectra, whose intensity increases as a function of temperature
increase. As a result, part of the radiation emitted is not visible for
human eyes (ultraviolet and infrared range) and only a fraction of it
can be observed as visible light [43].

For b-Y1.95Dy0.05Si2O7 particles (Fig. 8b) the TL emission was



Fig. 6. Biomorphic ceramic of Y1.95Dy0.05Si2O7 sintered at 1500 �C for 7 h in air; (a) optical image of the gas burner prototype; SEM images of (b) porous fiber surface microstructure;
(c) magnification of the wafers on fiber surface (d) internal microstructure of the ceramic fiber composed with heterogeneous grain-size; (e) schematic representation of heat
recirculation in a porous ceramic.
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remarkable. At 180 �C a TL peak with wavelength of 580 nm, which
corresponds to yellow color was observed. Therefore TL response of
yttrium disilicate is associated with Dy3þ activator ion. Yttrium and
dysprosium are trivalent RE (Y3þ and Dy3þ) and exhibit similar
Fig. 7. Radiant efficiency of the b-Y1.95Dy0.05Si2O7 porous burner prototype as a func-
tion of temperature and gas.
ionic radius, and therefore Dy3þ ions replace Y3þ ones in crystal
structure as substitutional doping. In addition doping Dy3þ ions led
to higher concentrations of crystal defects as anion vacancies which
might resulted in F center luminescence. From TL theory, ionizing
radiation creates electronehole pairs in crystal structure. The
electrons can be trapped at dosimetric traps or recombine with F
centers at recombination centers. By thermal stimulation the
electrons are freed from the dosimetric traps and recombine with
the F centers resulting in the 580 nm emission.

According to the Commission International de I'Eclairage (CIE)
the yellow color is suitable for lighting in internal environment, in
which conditions of comfort and welfare are desired [44]. For b-
Y1.95Dy0.05Si2O7 the TL response exhibited at 180 �C is new in
literature. QIU et al. [38] using a gas burner prototype based on
Yb2O3:CeO2 observed white light at 500 �C. GONZAL�EZ-ORTEGA
et al. [35] through ultraviolet stimulation observed three color
intense emissions, white, red and green for Y2Si2O7:Ce3þ:Tb3þ,
Y2Si2O7:Eu3þ and Y2Si2O7:Tb3þ respectively.
4. Conclusion

In the present work a biomorphic ceramic burner prototype
with radiant efficiency of 13% and thermoluminescent response at
180 �C and l ¼ 580 nm was developed by colloidal processing of



Fig. 8. Thermoluminescence response of (a) b-Y1.95Dy0.05Si2O7 and (b) b-Y2Si2O7 nanoparticles for a heating rate of 2 �C s�1 until 400 �C in nitrogen atmosphere. The TL behavior of
b-Y2Si2O7 was analogue to black body radiation, whereas for b-Y1.95Dy0.05Si2O7 the TL response was observed at 180 �C and l ¼ 580 nm.
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beta dysprosium doped yttrium disilicate (b-Y1.95Dy0.05Si2O7) and
from biotemplating of the vegetable sponge Luffa Cylindrica. Shear
thinning suspensions with suitable apparent viscosity for replica
method were prepared with 25 vol% solids, pH 10, 2 wt% dispersant
and 0,4 wt% binder. Alkali treatment of the vegetable fibers with
2 wt%NaOH at 60 �C for 2 h was useful to prepare the biotemplating
surface for replica method. Using high temperature treatment at
1500 �C for 7 h in air, b-Y1.95Dy0.05Si2O7 biomorphic burner proto-
type with reticulated architecture, porous microstructure and
pycnometric density of 3.23 g cm�3 (80% theoretical density) was
produced.
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