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A B S T R A C T

Water glass in alkali solution (Na2SiO3/NaOH) an abundant effluent, generated in the alkaline fusion of zircon
sand, represents a potential silica source to be converted in useful silica technological application. Actually, the
generation of energy by environmental-friendly method is one of the major challenges for researchers. Solid
Oxide Fuel Cells (SOFC) is efficient and environmentally clean technique to energy production, since it converts
chemical energy into electrical power, directly. Apatite-type lanthanum silicates are promising materials for
application as an electrolyte in intermediate temperature SOFC (IT-SOFC) because of their higher ionic con-
ductivity, in temperatures of range 600–700 °C, than conventional zirconia electrolytes. In this work, pure
(La9,56(SiO4)6O2,34) and Mg-doped (La9,8Si5,7Mg0,3O26,4) lanthanum silicate were synthesized, from that rich
effluent. Using the sol-gel followed by precipitation method, the single crystalline apatite phase of both silicates
was obtained by thermal treatment at 900 °C of their precursors. Sintered ceramic samples reached density of
higher than 90%.

1. Introduction

Recently, there is a major interest to develop efficient materials as
electrolyte for SOFC [1–3] to lowering [4] the working temperature of
the system. Yttria stabilized zirconia (YSZ); the conventional SOFC
electrolyte operates in the temperature range 800–1000 °C with max-
imum oxide ion conductivity of∼0.1 S cm−1 at 1000 °C [5]. This range
of temperature [6] causes serious problems such as thermal and che-
mical durability of the material components sealing of the cell and
material degradation and consequently the diminishing of the cell life.

Reduction of operating temperature of solid oxide fuel cells down to
intermediate temperature (600–800 °C) gives significant advantages
such as wider ranges of material selection, longer life and lower man-
ufacturing costs. Development of solid electrolytes that display high
ionic conductivity at low temperatures is one of the challenges to
overcome to obtain intermediate temperature solid oxide fuel cells (IT-
SOFCs) and for they become commercial scale.

Among the novel solid electrolytes, ceria-based ceramics (Gd-doped
CeO2 (CGO)) have been considered as promising electrolytes for IT-
SOFCs because of their high ionic conductivity compared with YSZ
[7–9]. Similar to zirconia, ceria forms the fluorite which is a usual
structure for electrolyte material for SOFCs. As well as zirconia, ceria is
doped to increase its conductivity. Highest conductivity occurs by ion

doping, with the smallest size mismatch, such as gadolinium and sa-
marium [10,11]. Doping with up to 20mol% Gd2O3 increases the ionic
conductivity of Gd-doped CeO2 (CGO) that is more viable than that
presented by traditional YSZ electrolytes in the lower temperature
range [8,12]. Below 600 °C, comparing the conductivity of the most
widely used ceria-based electrolyte, Ce 1−x Gd x O2 (CGO) [13–15],
with those of YSZ, the conductivities of CGO are consistently higher.

Rare earth silicates apatite-type structure in the general formula RE
9.33 + x Si 6O26 + 1.5x are a new class of oxide-ion conductors that have
attracted considerable attention for use as solid electrolytes for IT-
SOFCs [16,17] after researches made by Nakayama et al. [18]. Na-
kayama [18] revealed that the conductivity of the lanthanum-silicate-
oxyapatite (LSA) ceramics is higher than the conductivity of yttria
stabilized zirconia ceramics below 600 °C. For instance, their char-
acteristic oxide ion conductivity of 4mS cm−1 at 500 °C is higher than
that of a typical YSZ SOFC electrolyte that is 1 mS cm−1 at the same
temperature [18,19]. Differently from YSZ electrolyte whose con-
ductivity depends on oxide vacancies, LSA exhibit ionic conduction via
interstitial conduction [20,21]. Among apatite rare-earth silicates, the
lanthanum silicates, exhibit the highest values of oxide ion conductivity
at intermediate temperatures (La10Si6O27: σ=4×10-3 Scm−1 at
5000C) [22,23]. Lanthanum silicates with general formula La9.33+x

(SiO4)6 O2+1.5x (0 ≤ x ≤ 0.67) are intensely studied compounds
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[23,24]. Those compounds exhibit high ionic conductivity and low
activation energy values at intermediate temperatures (500–700 °C)
[24,25]. They are considered as promising electrolytes for IT-SOFCs
[26–28]. Lanthanum silicate has hexagonal crystal system similar to
apatite type of calcium phosphate Ca10(PO4)6O2. The apatite-type lan-
thanum silicate established by Nakayama [23,24] is characterized by a
high ionic conductivity, at an intermediate temperature, dominated by
the interstitial migration mechanism [28,29]. This characteristic of
conductivity mechanism offers the possibility to improve the LSA
properties as fuel cell electrolyte. It is related with the wide range of
substitution (doping) possibilities on the La and Si sites in apatite
structure accommodating a range of ion sizes [30,31]. Studies of sub-
stituting La and Si sites and their effect on LSA conductivities were
investigated [29,31–33]. It has observed that conductivity is very sen-
sitive to the doping regulation and the cation/anion non-stoichiometry
[32]. Studies of a wide range of dopants have been reported [34–37]
both doping of rare earth site (Mg, Ca, Sr, Ba, Bi, Mn, Co, Ni, Cu) and Si
site (Ge, Ti, P, B, Al, Ga, Mn, Co, Fe, Mg, Zn, Ni, Cu). Research on
improvement in oxygen ionic conductivity by chemical doping revealed
that magnesium is an effective element to increase ionic conductivity
and those magnesium ions might substitute into not only the La ion sites
but also Si ion sites [37,38]. Yoshioka has found that the conductivity of
apatite-type lanthanum silicates is greatly enhanced by Mg doping; a
doping level of 0.3Mg for La10Si6O27 gave the highest conductivity
[37]. The main effort to the actual application of LSA as IT-SOFCs
electrolyte remains in the difficulty to prepare dense ceramics. High
temperatures (1600–1800 °C) and prolonged time are required to ob-
tain a relative density of 90% for LSA prepared by conventional solid
state synthesis route [17,38,39]. Secondary phases, such as LaSi2O5 and
La2Si2O7 could also remain in the system. Those phases deteriorate the
conductivity of the ceramic electrolyte [40]. To synthesize powders
with higher sinterability, wet-chemical routes are suggested, such as;
sol–gel [41,42], modified sol-gel [43,44], molten salt [45], freeze-
drying [46], co-precipitation [47], acid citric [48] and hydrothermal
[49] methods. In all methods, the main objective is to overcome the
difficulties of achieving the single phase of apatite, free of secondary
phases, and also the obtaining of high density ceramic from the syn-
thesized powder. In this paper we report the preparation of pure lan-
thanum silicate La9,56(SiO4)6O2,34 and Mg-doped lanthanum silicate,
La9,8Si5,7Mg0,3O26,4 by combining sol-gel and precipitation methods.
Single phase of apatite was obtained in both synthesized lanthanum
silicates powders by calcining at 900 °C, which temperature is relatively
low comparing to the temperatures used by other methods. Ceramics
with densities of higher than 90% have attained.

2. Experimental

Lanthanum oxide, La2O3 (Aldrich 99.9%), MgO (Vetec 99,9%) and
Na2SiO3 solution (an effluent derived from alkali fusion procedure of
zircon sand) [50] were used as the starting materials. The steps in-
volved in the obtaining Na2SiO3 solution are schematically showed in
above reaction:

ZrSiO4+4NaOH→ Na2ZrO3+Na2SiO3 +2 H2O (1)

The transparent Na2SiO3 solution contains approximately 2% SiO2

and 10% NaOH. It was used as Si supplier. La2O3 and MgO were pre-
viously calcined at 800оC in order to remove water and/or oxycarbo-
nates and to determine the correct amount of those reagents. Dried
La2O3 or/and MgO were then dissolved in 6M HCl to obtain a clear
solution, which was used as La and Mg provider solution.

A previous calculated volume of 6M HCl followed by Si and La and
Mg precursor solutions (stoichiometric amounts to achieve the final
composition La9.56 (SiO4)6O2,33) or La9,8Si5,7Mg0,3O26,4) were added to
the Na2SiO3 solution with vigorous and constant stirring. The volume of
the HCl is that of it is sufficient to attain high acid medium after its total

addition. After complete adding, the mixture was kept at room tem-
perature overnight. A clear gel of silica was formed. NaOH solution was
then added to the gel, with vigorous and constant stirring, to give a final
of pH 10.5 and precipitate La and Mg hydroxides. A turbid and milky
sol was obtained. After that, the gel was filtered and washed with dis-
tilled water until no Cl− was detected by AgNO3 test. The washed gel
was dried over night at 80оC and calcined at 900 °C for 1 h to obtain
apatite-type lanthanum powders, La9.56 (SiO4)6O2.33 or
La9,8Si5,7Mg0,3O26,4, those samples were named LSI and LSM, respec-
tively. The obtained powders were characterized by thermal analysis
(TGA-DTA), X-ray diffraction (XRD), scanning electron microscopy
(SEM) and specific surface area measurements (BET technique). As-
synthesized apatite powders were uniaxially pressed into pellets under
a pressure of 150MPa and sintered at 1300 °C for 4 h in air. Bulk
density was determined by Archimedes method in water.

3. Results and discussion

In order to determine the phase formation and transition tempera-
tures, the dried precursor gel of LSM, was investigated by thermal
analysis as shown in Fig. 1. The mass variation of 25%, observed be-
tween 25–865 °C, might be attributed to the dehydration process of the
gel of silica, La(OH)3 and Mg(OH)2. According to the DTA curve, an
exothermic peak is observed at 841 °C, it may be attributed to the
crystallization or formation of apatite-type La9,8Si5,7Mg0,3O26,4 phase.

The XRD patterns obtained from the dried gel of the samples LSI and
LSM, thermal treated at 900 оC for 1 h, are showed in Fig. 2.

From Fig. 2, it is observed that both samples present the same XRD
spectra and the single phase apatite of lanthanum silicate was attained,
confirming the crystallization peak observed at 841 °C in Fig. 1. Present
thermal treatment conditions (900 оC for 1 h) of the powders compared
to those presented by Cao et al. [51] are much lower. They prepared
La9.67Si6O26.5 (LSO), La9.5Sr0.5Si5.5Fe0.5O26.5 (LSSFO) and
La9.5Sr0.5Si5.5Al0.5O 26.5 (LSSAO). As they were synthesized by solid
state reaction route, the single phase of oxyapatite is very difficult to
obtain and they are often contaminated with either La2SiO5 or La2Si2O7

secondary phases. From XRD patterns of LSSFO powders calcined at
1000, 1100, 1200, 1300 and 1400 °C for 10 h in air, La2SiO5 secondary
phase was observed in XRD patterns of LSSFO. The intensity of the
minor La2SiO5 secondary phase decreases with the increase of the
temperature of calcining and the same time the crystallinity of LSSFO
oxyapatite is improved. From LSO, LSSAO and LSSFO powders calcined
at 1300 °C for 10 h in air, the secondary phase La2SiO5 was also ob-
served in the all XRD patterns. However, the intensity of La2SiO5 phase
in the XRD patterns of LSSAO and LSSFO is very low, indicating a very
small amount of La2SiO5 second phase. The authors give explanation

Fig. 1. TGA/DTA curves of dried La9,8Si5,7Mg0,3O26,4, of the sample LSM pre-
cursor gel.
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that co-doping of Sr and Al or Fe significantly prevents the formation of
La2SiO5 secondary phase.

Fig. 3 shows the SEM micrographs of the samples LSI and LSM
calcined at 900 оC for 1 h.

In Fig. 3 it can be observed that both samples presented similar
morphology of the particles and agglomerates. The agglomerates look
soft and porous. The particles are spherical like and sub-micron size.
Specific surface area determined by the BET technique was of 14.4 and
13.8 m2 g−1, for LSI and LSM, respectively. Fig. 4 shows XRD pattern of
the sample LSM, sintered at 1300 °C for 4 h from powders calcined at
900 °C for 1 h. It is observed that the sintered ceramic presents the
single phase of apatite and an increasing of the crystallinity. There is a
narrowing of the peaks in Fig. 4 in comparison to the powder sample
spectra, in Fig. 3. Sintered sample of LSI presented the identical XRD
spectra showed in Fig. 4.

Fig. 5 shows the SEM micrographs of sintered surface of samples LSI
(a) and LSM (b), obtained from powders calcined at 900 оC for 1 h,
compacted to pellets and sintered at 1300 °C for 4 h.

In Fig. 5, it is observed a fine grained ceramic body in both mi-
crographs, where the grains size up to 1 μm is closely connected to each
other. Some larger grains exhibit hexagonal appearance. The densifi-
cation of the apatite materials by sintering treatment is advantageous
for SOFC electrolytes applications. High density or low porosity is an
important requirement for a SOFC electrolyte material [52]. The elec-
trolyte density controls its electrical and mechanical properties [53]
and, mainly, increasing of the density give an increasing its ionic con-
ductivity. In the present work, high relative density of 94.92% and
95.55% were obtained for the ceramics of LSI and LSM respectively,
after sintering at 1300 °C for 4 h. Reasonable large specific surface area
and small particle size of the present synthesized powders might have
promoted their reactivity and consequently their good sinterability to
attain those high densities. Those sintering temperature and time are
significantly lower than some reported results [26,53] in the literature,
where temperatures exceeding 1600 °C are used. Yoshioka [26] pre-
pared ceramic disks of apatite-type lanthanum silicates (LaxSi6O1.5x+12

(8.96≤x≤10.57)) using sol–gel derived powders. He sintered first at
1600 °C and then 1750 °C. The disks were very porous after the first

sintering at 1600 ◦C for 4 h. Then, the second sintering was performed
at 1750 ◦C for 4 h to obtain dense ceramic disks having bulk densities of
more than 85%.

Fig. 2. XRD patterns obtained from the dried gel of the samples LSI and LSM,
thermal treated at 900 оC for 1 h.

Fig. 3. SEM micrographs of the samples LSI (a) and LSM (b) calcined at 900 оC
for 1 h.

Fig. 4. XRD pattern of the sample LSM, sintered at 1300 °C for 4 h.

C. Yamagata, et al. Journal of the European Ceramic Society 39 (2019) 3416–3420

3418



4. Conclusion

A new modified sol gel method to preparing lanthanum silicates
ceramic powder was presented. Use of a waste solution of Na2SiO3 is
attractive and environmental-friendly for substituting of the usual high-
cost TEOS (tetraethyl ortho silicate) as Si source. Apatite type lan-
thanum silicate powders were successfully synthesized by the proposed
route, consisting of sol gel combined to precipitation technique.
Crystalline apatite, without impurity phases, was attained by both
samples, La9.56 (SiO4)6O2.33 (LSI) and La9,8Si5,7Mg0,3O26,4, (LSM) after
calcining the powders at 900 оC for 1 h. The good sinterability of the
powders, due to their relatively large specific surface of approximately
14 m2 g−1 and small particle size, allowed the obtaining of ˜95% high
densities of ceramic body by sintering at 1300 °C for 4 h, from synthe-
sized powders.
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