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Abstract

The silica waste originating from a geothermal power plant in Mexico was investigated with
the aim of finding its applicability as a raw secondary material for ceramics production. The ther-
mal behaviour of the original silica waste (containing NaCl and KCI from marine brine) and of the
purified silica was characterized by means of DTA/TG, emanation thermal analysis (ETA) and
thermodilatometry (TD), The reactivity of the purified silica waste mixed with CaCQ,
(1.8 mass9) was characterized by means of ETA, DTA and TG. The microstructures and phase
compositions of the final products prepared by heating in air were tested by means ol X-ray dil-
fraction and of scanning electron microscopy coupled with electron probe X-ray microanalysis. The
thermal anatysis methods allowed determination of the optimal conditions for thermal treatment of the
silica waste in order to obtain partly sintered porous materials for use as refractory bricks.

Keywords: ceramics, emanation thermal analysis, geothermal waste, industrial waste, silica,
thermal methods

Introducticn

Geothermal encrgy power plants have been constructed as high-performance
technology for electricity production in countries with capabilitics for the transport
of steam generated by thermal springs and/or “fumaroles’ located at a depth of
&—10 km. The decrease in steam temperature from approximately 573 to 373 K dur-
ing its path towards the surface gives rise to the saturation of brine rich in silica and
salts, resulling in their precipitation in the pipelines of the power plant, Tn the Cetro
Prieto Geothermal Plant in Baja California, Mcxico, the subsoil fluid is mainly com-
posed of a silica brine with a high concentration of soluble salts. The hard crust de-
posited in the pipelines must be removed frequently, giving rise to an industrial
waste rich in silica (98%), which is stored in landfields, with no applications so far
[1]. This silica-rich residue and the product resulting from its purification were char-
acterized in previous work [1, 21. As demonstrated elsewhere, the purified silica
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waste can be used in the production of glasses [3], glass-ceramics {4], refractories
|5] and ceramics [6]. For the development of ceramics by the recycling of silica geo-
thermal wastes, the thermal characterization of impure silica geothermal waste
(ISGW), purified silica geothermal waste (PSGW) and several ceramic products has
been carried out [6]. Besides the more common thermal analysis methods such as
DTA/TG and thermodilatometry (TD), cmanation thermal analysis (ETA) has been
used in this work. ETA is a less common method that furnishes information about
the microstructures of powders and sintered materials under the in situ conditions of
their heat treatment [7]. The microstructures and phase compositions of the final
products heated in air to 1200 or 1500°C were characterized by means of hot stage
microscopy (HSM), X-ray diffraction (XRD) and scanning electron microscopy
coupled with electran probe X-ray microanalysis (SEM/EPXMA).

The aim of this paper is to use the results of ETA, TG, DTA, TD and cther meth-
ods to characterize the thermal behaviour of both ISGW (containing salts from sca
water) and PSGW, as wcll as mixtures with CaCOs, to be used as feed mixtures for
the production of partly sintered porous refractory bricks.

Experimental

Materials

Original ISGW, PSGW and a mixture of PSGW with CaO (1 mass%), but added
as CaCOj; (1.8 mass%) were investigated. The purification of ISGW was carried out
by water washing under permanent stirring of a crushed powder (13 pm in particle
size) at 80°C for 30 min [2]. The absence of chlorides from the PSGW was tesied
with a0.1 N solution of AgNO-. For sintering tests, cylindrical specimens measuring
15 mm @ 5 mm were prepared by axial pressing at 200 kg cm™2. The particle size of
the starting materials was lower than 60 pm. The sintered samples of PSGW and of
PSGW+CaO were prepared by heating to 900, 1200 and 1500°C. The thermal treal-
ment cycle was as follows: initial heating at a rate of 10°C min™" to the respective
temperature, followed by isothcrmal heating for 60 min and subseguent cooling at a
rate of 10°C min™".

Methods

The following methods were used: DTA/TG (Mettler Apparatus, type TA2Z), TD
(Adamel Lhomargy, type DI-24), HSM (type II A, produced by Leitz), XRD
(Philips, Type 3710), and SEM/EPXMA (SEM: JEOL JSM-6300; EPXMA:
KEVEX-8000 with Si{Li) detector and Be window). For SEM/EPXMA, carbon-
coated specimens were prepared. For measurement of the apparent density of sin-
tered samples, the mercury intrusion method was used.

The ETA equipment was constructed at NRI Re?, based on the Netzsch DTA 409
device. ETA consists in the measurement of an inert gas released from solids pre-
viously labelled with the inert gas or its parent radionuclide [7-9]. In ETA, the inert
gas atoms are used as trace indicators of the solid statc and its changes: the inert gas
atoms do not react with the solid in which they are incorporated; the inert gas release
is controlled by the diffusion in the solid, which is influenced by structural changes,
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changes in morphology and porosity, interactions of the solid sample with the sur-
rounding medium and/or chemical of reactions taking place in the solid and its sur-
face. By mcans of ETA, processes taking place in solids and on their surfaces have
been characterized cven in cases where the processes were not accompanicd by
changes in mass or enthalpy [9]. Samples for the ETA measurements in this work
were labelled by the adsorption of radivactive traces of 22%Th, serving as a quasi-per-
manent source of radon atems **Rn. The atoms of **°Rn formed by spontaneous al-
pha-decay were incorporated into a depth of at most 130 nm from the surface, due to
the recoil energy {85 keV atom™') gained by every atom of radon during its forma-
tion by alpha-decay. A schematic drawing of the ETA apparatus is shown in Fig. 1,
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Fig. 1 Scheme of the ETA apparatus [9]: 1 — gas supply; 2 — gas flow stabilizer; 3 - labelled
sample; 4 — sample holder; 5 — thermostat (furnace); 6 — temperature controller;
7 — measuring chamber; 8 — radioactivity detector; 9 — [low ratemeler; 10 — count-me-
ter; 11 -- data processor and printer-plotter

The following experimental conditions were used for thermal analysis charac-
terization of a sample of approximately 0.1 g. DTA/TG with heating in air in the
temperature range 20 to 1500°C at a rate of 10 K min~!; TD with heating in air in the
temperature range 20 to 450°C at a heating rate of 10 K min™' and subsequent cool-
ing; and ETA with heating in an air flow (flow rate 50 m! min~") from 20 to 1450°C

at a heating rate of 5 K min~", followed by cooling at a rate of 5 K min™'.

Results and discussion

It follows from Table 1 that the apparent density values of the sintered products
prepared by the heating of PSGW and the mixture of PSGW+1 mass% CaQ are in
the range 1.02-2.24 g cm™. It seems that the addition of CaO caused a decreasc in
the final density of the samples heated to 1200 and 1500°C. From the XRD patterns
of PSGW, it has been observed [6] that at 900°C a disordered cristobalite is formed,
which on heating to higher temperatures is converted o ordered cristobalite.

Figures 2a—-c show ETA results as the temperature dependence of the radon re-
lcase rate, with F (in relative units) obtained during the heating of ISGW, PSGW and
the mixture of PSGW+1 mass% CaO, respectively.
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Table 1 Densities of sintered products prepared from PSGW and PSGW+CaO

Apparent density/g em™

Sintering temperature/"C

PSGW PSGW + | mass% CaO
900 1.1234 1.3640
1200 2.1541 2.1045
1500 2.2136 2.0374
E/
rel. units
0.300

500 1000 1500
0.250 | b

500 1000 1600
0.350

500 1000 1500
Temperature / °C
Fig. 2 ETA 1csults on: a — original ISGW; b — PSGW and ¢c— a mixture of PSGW1
1.8 mass% CaCO3 [ETA curves measured during heating (full line) and ccoling (dot-
ted line)]. The cooling demonstrated in Fig. 2b was interrupted at 1 100°C

Before describing the differences in thermal behaviour of the three samples, as
reflected by the ETA curves, we shall point out the specific character of the informa-
tion gained by means of ETA in this investigation. It follows from the thecretical
background of ETA [7-9] that the rate of radon release from a single solid grain is
related to the diffusion coefficient of radon in the solid (D), the density (8) and the
surlace area (§) according to the simplified equation

172
[kH s »
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where ki is a temperature-independent constant, proportional to the depth of penetra-
tion of recoiled radon atoms, k» is a constant characterizing the concentration of mi-
crostructure defects in the sample, D is the radon diffusion coefficient, A is the radon
decay constant, 8 is the density, and S is the surface area of solid sample.
Consequently, an increase in the radon release rate E reflects the enhanced dif-
fusivity of radon in a solid, and an increase in surface area and/or porosity, caused by the
loosening of the structure and the formation of metastable phases in the reaction mix-
tures [7]. On the other hand, a decrease in E reflects a decrease in the surface area and/or
porosity and the consolidation of the structure, due to sintering, phase transitions, etc.
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Fig. 3 DTA/TG results on: a — original ISGW; b — PSGW and ¢ — PSGW with addition of
CaO

Therefore, the effects observed in the temperature range 200—600°C in the ETA
curves in Figs 2a-2c¢ can be ascribed to changes in the surface area and microstruc-
ture of the samples, due to their dehydration, The increased radon release rate in
Fig. 2a, observed on heating above 600°C, indicates loosening of the structure of the
ISGW sample, presumably initiated by the ordering of initially highly disordered
quartz, as indicated by the exothermal effect in the temperature range 600-700°C in
the DTA curve (Fig, 3).

The presence of alkali metal halides in the ISGW probably facilitated the lattice
loosening, as the ETA curves in Figs 2b and 2c¢, corresponding to PSWG and its mix-
ture with CaQ, revealed no similar increase in radon release rate, E.
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Fig. 4 Relative contraction observed at 1500°C by HSM [or the pressed powder of the origi-
nal IGSW samplc

On further heating of the ISGW sample, the increasing trend of radon release
slowed down in the temperature range 900—1000°C, indicating the anncaling of the
surface roughness and subsequent sintering of the sample. ‘I'he changes observed in
this temperature range in the ETA curve (Fig. 2a) correspond to the decrease in mass
of the sample observed in the TG curve (Fig. 3) in the same temperature range, due
to the volatilization of alkali metal halides from the ISGW sample. It should be men-
lioned that the DTA endothermal effect observed for the ISGW sample above

Temperature / °C
500 1000

Pure Si0, a
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Differential
thermal expansion
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B W N =
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N

Fig. 5 TD results on a — PSGW silica sample; b — derivative curve of the same PSGW sam-
ple; ¢ — the mixture of PSGW+1.8 mass% CaCO3
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1100°C (Fig. 3), corresponding to a phase transition in quartz, coincides well with
the onset of the decreased in the radon release rate observed in Fig. 2a. Intense sin-
tering of the ISGW sample was observed in this temperature range by means of
HSM (Fig. 4). This confirms the characterization of the IPGW sample by the ETA
results presented in Fig. 2a.

The ETA curve measured during cooling of the IPGW sample represents the tem-
perature dependence of radon diffusion in the sample heated to 1450°C. From the
comparison of the ETA heating and cooling curves it was obvious that heat treatment
to 1450°C resulted in a highly compacted sample.

From Figs 2b and 2c, it follows that the thermal behaviour, of the PSGW sample
and the mixture of PSGW+1 mass% CaO dilfers {rom that of IPGW, as reflected by
the ETA results in Fig. 2a. The ETA curves in Figs 2b and 2¢ characterize the ther-
mal behaviour of the respective samples in the temperature range 900-1100°C by a
less intense increase in radon releasc rate than that observed in the ETA curve in
Fig. 2a. The effcct in the temperature range 1000-1100°C in the ETA curve of the
PSGW sample (Fig. 2b) corresponded well to the sintering effect observed in the TD
curve in Fig. 5.

The decreased radon release rate obscrved at temperatures above 1400°C in
Fig. 2b indicated the next step ol sintering indicated in Fig. 5 by TD. The ETA curve
measured during sample cooling (interrupted at 1100°C) supported the above char-
acterization of the thermal behaviour of the PSGW sample.

In the ETA curve in Fig. 2c, characterizing the thermal behaviour of the mixwure
PSGW+1 mass% CaO, two temperature ranges can be distinguished: 900-1200°C,
where the initial solid-state reaction of PSGW silica with CaO takes place, and
1200-1450°C, where wollastonite crystals and other phases are formed, as detected
by XRD and SEM/EPXMA in the sample heated to 1500°C (Fig. 6).

From the ETA curve measured during cooling of the sample heated to 1450°C
(Fig. 2¢), it follows that the product resulting after this thermal treatment is charac-
terized by a higher radon diffusivity as compared to the sintered product prepared by
heating of PSGW or even ISGW powders 1o the same temperature. The fact that the
ETA cooling curve in Fig. 2 is situaled in the temperature interval 950-1450°C,
above the ETA heating curve, demonstrates the formation of disordered (micropor-
ous) ceramics aflter heat treatment of the mixture PSGW+1 mass% CaO 1o 1450°C.

The TG and DTA resulis (Fig. 3) characlerizing the thermal behaviour of the
three investigated samples are in agrcement with the respective ETA curves
(Figs 2a~2c) described above.

It should be poinled out that, due to the amorphous character of both the original
ISGW and the PSGW [6], no cffects corresponding to the o/p-transformation of
quartz or silica phases werc obscrved in the DTA curve (Fig. 3). The cxothermal
DTA effect detected during heating of the ISGW -sample indicated progressive order-
ing of the silica structure on heating from 650°C, This effect was alrcady correlated
with the increase in radon release rate observed in the ETA curve in Fig. 2a.

The thermal behaviour of the samples characterized by the ETA curves was con-
firmed by the TD, SEM, XRD and density measurements. The sintering observed by
TD and ETA for the PSGW sample in the temperature range 1000-1100°C corre-
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Fig. 6 XRD patterns and SEM micrographs of sintered products prepared by heating at
1500°C: a  ISGW; b — ISGW+Ca0; ¢ — PSGW and d — PSGW+Ca0 (C=cristobalite;
T=tridymite; W=wollastonite; CS=calcium silicates; G=gehlenite)

lated well with the phase transformation of silica. From the results obtained via the
various methods used, it follows that the addition of CaO did not accelerate the sin-
tering of purified silica, supposing the formation of a wollastonitc phase. The XRD
pattcrns (Fig. 6) showed that in all cases ec-cristobalite is the main crystalline phase
present in the silica waste investigated, appearing at lower temperatures of thermal
treatment {6]. The SEM micrographs of samples heated to 1500°C are presented to-
gether with the corresponding XRD patterns in Fig. 6.

It can be seen from the SEM results that, in the sample prepared by the heating
of ISGW silica, well-distributed round cristobalite crystals (approx. 1 pm in size)
were embedded in a glassy phasc. From thc XRD patterns and SEM micrographs of
the ceramics prepared by the heating of mixtures of ISGW and PSGW silica with
Ca0, differences in microstructure were determined. In the ceramics prepared by
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heating the mixture of ISGW+Ca0, elongated crystals of wollastonite and other cal-
cium silicates were embedded in the amorphous matrix. Very thin acicular crystals
of wollastonite were clearly observed in the sample prepared by heating the mixture
of PSGW+Ca0. Large and smooth areas were observed in the micrographs of the
material prepared from the PSGW silica. Cristobalite was readily identified, but
ridymite was not easy to detect by SEM.

Conclusions

Several silica and wollastonite/cristobalite ceramics were prepared by sintering
of a silica waste originaling from a geothermal power plant by heat treatment of
pressed mixwres of the original impure and purificd silica waste at iemperatures in
the range 900-1500°C. DTA/TG, TD and ETA allowed characterization of the ther-
mal behaviour of the feed materials. Moreover, the reactivity of the purified silica
waste mixed with CaCO; (1.8 mass%) was characierized by means of ETA, DTA
and TG. ETA furnished information on the microstructural changes in the feed ma-
terials obtained under in situ conditions of heat treatment A semiquantitative charac-
terization of the compaction and microporosity formation in the samples treated to
1500°C, including partially porous wollastonite/cristobalite ceramics, was possible
from the ETA results.

* ok ok

Many thanks are due to J. Alvarez, [nstituto Nacional de Tecnica Acroespacial, INTA, Torre-
jon, Madrid, Spain for valuable help in the clectron microscopy obscrvations.
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