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Abstract

The dehydration process of gypsum rock was studied under concentrated solar energy by using a
Fresnel lens with power density of 260 Wcm-2. Temperatures higher than 700°C were attained for
1 min of solar exposure. The effect of grain size of sample and radiation exposure time on the for-
mation of bassanite and anhydrite was studied by XRD. The complete transformation of dihydrate
into hemihydrate and/or anhydrate phases is complete for the finer size sample. Plaster com-
posed of 92.7% of anhydrite and 7.3% of bassanite was obtained for 5 min of solar exposure. Mor-
phological and textural modifications were followed by SEM and interferometric/confocal profi-
lometer.
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1. Introduction

Natural gypsum is a rock composed principally of CaSO,-2H,0. The various gypsum deposits differ in purity,
structure, and color. The major impurities are calcium carbonate (limestone), dolomite, marl, clay and less fre-
quently, silica, bitumen, glauberite, syngenite, and polyhalite [1]. Gypsum is one of the most widely used miner-
als in the world, not only in construction but also in ceramics (mold manufacture, sanitary wares, chalk and ar-
tistic sculptures), agriculture (soil conditioner), medicine (to make plaster bandages, in the manufacture of sur-
gical and dental molds and production of toothpaste), chemical and pharmaceutical industry (as a calcium source,
drugs component and lipsticks) and in food industry (water treatment, cleaning of wines, refined sugar, canned
vegetables and animal feed) [2]. Spain is the third largest world producer, and the leader in production and con-
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sumption in Europe [3] [4].

Plaster is obtained by calcination of gypsum, a chemical sedimentary rock coming from evaporation pheno-
mena in saline basins [5]. For building industry, different calcination temperatures are employed according to
uses, ranging from 100°C - 1400°C, generating compositions with several phases and content within the system
gypsum-bassanite-anhydrite. Their industrial applications are based on the reversibility of the dehydration-re-
hydration reactions of gypsum: it is partially or totally dehydrated by heating (Equations (1) and (2)) but when it
is rehydrated, sets and yields hardened products. Mixtures of phases in the CaSO4-H,O system are commonly
produced during manufacture, rather than pure ones [6].

CaSO0, - 2H,0 + heat — CaS0, -1/2H,0+3/2H,0 @)
CaS0, - 2H,0 + heat —> CaSO, +2H,0 @)

Industrially, to get commercial products, it is more important that dehydration is achieved in the shortest time
to minimize energy consumption, that is the major cost of this process, taking into account the raw material cost
is very low [7]. Besides, if the energy comes from fossil fuels then the environmental cost is also high. For
handmade or artisanal production, gypsum is produced in small air furnaces installed in the vicinity of produc-
tion sites, and in many cases they are made by users for their own consumption. Figure 1 shows a traditional
furnace. In these furnaces, partial dehydration takes several hours, with continuous feeding of fuel. After the
shutdown and cooling of the facility, the furnace is dismantled and calcination product is grinded. The resulting
plaster is composed of multiphase calcium sulphate [8].

Sun light is a renewable energy source, which concentrated by means of Fresnel lens, can be used in thermo-
chemical transformation, thanks to its high optical efficiency [9]-[11]. Within the current framework of technol-
ogical development one of the goals of the most advanced societies is energy saving and especially the con-
sumption of domestic and non-polluting fuel. Although the industrial use of concentrated solar radiation has the
disadvantage of its intermittent nature, the use of this energy would represent a significant cost reduction for
high-temperature processes, because the energy is supplied by a free and inexhaustible source as the sun, colla-
borating with environmental conservation. Its use is unquestionable for strong insulation countries such as Spain,
the annual average insulation varies between 3.2 - 5.2 kWh-m 2. Solar radiation hits the ground with a solid an-
gle of 32 minutes, resulting in a moderate temperature of the earth’s surface. A method for obtaining higher
temperatures is achieved using lenses or mirrors that produce an optic deflection of the incident direct solar rad-
iation through refraction and reflection respectively, i.e. using solar concentrators which have power efficiency
much higher than systems based on photovoltaic solar energy [12] [13].

Thus, the objective of this work is to study the viability of the use a clean, non-contaminating and free power
source as solar thermal energy for obtaining plaster from the calcination of gypsum rock. In order to study the
influence of the grain size in the transformation of dihydrate phase (gypsum) into hemihydrate phase (bassanite)

Figure 1. Handmade gypsum furnace. In Aguaviva (Teruel, Spain) [8].
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and anhydrate phase (anhydrite), rock was crushed at different particle sizes. Tests were performed at different
time spans (1 - 5 min). Samples were characterized by x-ray diffraction (XRD) and microscopic techniques. This
is a preliminary study focusing on the viability of the application of SEC (solar energy concentrator) for the
treatment of gypsum-based materials such as: construction and demolition waste (C & DW), gypsum from flue
gas desulfurization plants (FGD), and phosphogypsum (PG).

2. Material and Methods
2.1. Materials

A sample of gypsum rock was collected from an outcrop from Morata de Tajufia, Madrid (Spain). This is a geo-
graphical area in the center of the Iberian Peninsula, with large amounts of limestone and gypsum (Figure 2).
The inhabitants of this region have traditionally taken advantage of this mineral wealth for lime and plaster
manufacture, by using handmade or artisanal furnaces [14].

To study the influence of the grain size in the transformation of dihydrate calcium sulfate phase into bassanite
and anhydrite, the gypsum rock was crushed at different particle sizes. The particle size distribution of the
ground sample is collected in Figure 3.

For the proposal of this work, only major fractions were used. From hereinafter, samples are referred as G4
(sample with particle size > 4 mm), G2 (sample with particle size between 4 and 2 mm) and G1 (sample with
particle size between 2 and 1 mm). Fine particle size fractions were rejected.

2.2, Solar Energy Concentrator (SEC)

The Solar radiation was concentrated by means of a Fresnel Lens made of a very high optical quality acrylic
material, (polymethylmethacrylate, PMMA) [15]. The lens is positioned on an aluminum installation which has
a polar axis. The lens movement from east to west is controlled automatically by a computer and the solar height
is hand positioned. Figure 4 shows the solar installation (CENIM, CSIC) with a magnification of the sample
chamber which is made of stainless steel and the thermocouple positioned into the sample crucible. The physical
characteristic of the lens are: diameter 889 mm, thickness 3.17 mm, focal distance 757 mm, refraction index
1.49, and 92% transmission in the range of 400 - 1100 nm. It is a plane convex circular lens with its grooves (50
in 25 mm) toward the focus. It has a circular focus of 8 mm diameter and if it is positioned perpendicular to so-
lar radiation the power density at the focus on a clear day with irradiance of 1 kW-m is 260 W-cm?, it means
that the lens concentrates more than 2600 times the incident solar radiation. Figure 5 shows the 3D distribution
of concentration factor [15]-[17].

Figure 2. Geographical distribution of gypsum in Spain and localitation of the source of gypsum rock.
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Figure 3. Particle size distribution of the ground gypsum rock.

Figure 4. Solar energy concentrator (Fresnel lens). Detail of the sample cham-
ber (before (upper right) and during solar exposure (lower right)) and the posi-
tioned thermocouple.
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Figure 5. Distribution of the concentration factor in Fresnel lens.

2.3. Experimental

The Samples of different particle size of natural gypsum were placed into the sample chamber of the SEC (Fig-
ure 4) to the optimal focal distance. Alumina crucibles (6.5 cm height and 6.5 cm diameter) were loaded with
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25.00 £ 0.01 g of sample. Temperature was measured by a type K thermocouple placed in the middle of sample.
Tests were carried out at different solar radiation exposure time from 1 to 5 min, in summer, during the local
time of the highest radiation (12:00 to 16:00 pm). An example of solar radiation (global, diffuse and direct) dur-
ing summer 2012 is shown in Figure 6.

2.4. Characterization Techniques

The chemical composition of the samples was determined by X-ray fluorescence (XRF, PANalytical AXIOS
wavelength-dispersive X-ray spectrometer) on compacted specimen of 37mm diameter. X-ray diffraction (XRD)
measurements for identification of crystalline phases were carried out using a Bruker D8 advance diffractometer
with Cu Ka radiation (1.541874 A). XRD data were collected over a 2q range of 2° - 65° with a step width of
0.02° and time per step of 1 s. Morphological characterization of the samples was performed by scanning elec-
tron microscopy (SEM) in a Jeol JSM-820 equipment. For those observations, samples were sputter coated with
gold to make them conductive. Topographic observations of the samples surface were carried out by a optical
profilometer with dual confocal and interferometric technology (PLm 2300 Optical Image Profile Sensofar).

3. Results and Discussion

The chemical composition of the different grain size fractions of initial gypsum sample, obtained by XRF and
expressed as oxides wt.%, is collected in Table 1. The content in calcium sulfate is higher in fractions with larg-
er grain size, lower in larger grain size fractions. The increase of silica, magnesium, aluminum and other ele-
ments in lower grain size fractions can be attributable to the higher content of clay in these fractions.

The XRD pattern of the initial sample is shown in Figure 7, corresponding to a highly crystalline material
with narrow and well-defined diffraction peaks. The crystalline phase identified by comparison with the powder
diffraction data (JCPDS files) is mostly CaSO,4-2H,0 (JCPDS 01-070-0982). Minor crystalline phases were not
identified.

The evolution of temperature during tests performed at different exposure time is shown in Figure 8. As can
be seen, there is a prompt arising of temperature when lens is uncovered and values of temperature higher than
700°C were achieved at very short exposure time (lower than 1 min). The heating rate calculated from tempera-
ture curve was 13 - 14°C-s™.

XRD patterns of different grain size fractions of the initial sample and the samples obtained after solar radia-
tion during different exposure time are shown in Figure 9. The transformation of dihydrate into hemihydrate
started to occur at the first minute of exposure for both samples. According to the XRD results the transforma-
tion of the phase CaSQO,4-2H,0 for 1min of exposure, it is higher in G2 (sample with larger grain size) than in G1,
but this situation is not very remarkable for 2 min of exposure. For 2 min it is observed de coexistence of the
three phases. When samples are subjected at 5 min of exposure, diffraction peaks of dihydrate phase are not ob-
served in any sample.
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Figure 6. Local solar radiation curves according to AEMet (Spanish Agency of
Meteorology http://www.aemet.es).
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Table 1. Chemical analysis by XRF of initial gypsum for the different grain size fractions (oxides wt%).

wit% SO; CaO SiO, MgO AlLO;  SrO Fe,0; KO TiO, P,0s BaO MnO NiO
Sample
G4 49.06 4331 2.88 2.65 0.85 0.64 0.36 0.16 0.04 0.02 0.02 - -
G2 4751 4281  3.02 4.32 0.90 0.77 0.38 0.17 0.04 0.03 0.04 0.01 0.01
Gl 46.31 42.10 3.95 481 1.10 0.85 0.53 0.24 0.06 0.03 - - -
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Figure 7. XRD patterns of initial sample of gypsum rock (G = Gypsum,
JCPDS 01-070-0982).
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Figure 8. Curves of the evolution of temperature during different exposure
time to solar radiation.

Concerning the coarsest sample G4, for five minutes of solar radiation exposure, (Figure 10), the three phases
can be observed and the crystallinity of the phases anhydrite and bassanite are lower for this sample than for

lower grain size samples (G1 and G2).
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Figure 9. XRD patterns of initial samples G1 (left) and G2 (right) after 1, 2
and 5 min of solar radiation exposure (G = Gypsum, JCPDS 01-070-0982; B =
Bassanite, JCPDS 00-041-0224; A = Anhydrite, JCPDS 00-037-1496).
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Figure 10. XRD patterns of initial samples G1, G2 and G4 after 5 min of solar
radiation exposure (G = Gypsum, JCPDS 01-070-0982; B = Bassanite, JCPDS
00-041-0224; A = Anhydrite, JCPDS 00-037-1496).
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The quantification of phases from XRD patterns [18] [19] is shown in Figure 11, where the evolution of
gypsum-bassanite-anhydrite for samples G1 and G2 with the solar radiation exposure time can be seen. The
percentage of gypsum decreases as the exposure time increases, but the transformation of the dihydrate is faster
for the largest particle size sample during the first minute of exposure. For two minutes of exposure the effect is
the opposite of the previous one; this could be attributable to the better heat transfer due to a better contact be-
tween particles due to their smaller size. For longer period of time (5 min) the transformation of the dihydrate is
completed for the two samples according to XRD results. In the case of the hemihydrate phase (bassanite), its
content increases in sample G1 from 1 (17.7%) to 2 min (35.8%) of exposure, but it decreases to 7.3% for 5 min
of exposure. For sample G2, the transformation of bassanite into anhydrite is faster than in the previous one, and
so for two min of exposure the content is lower than for 1min (from 33.8% to 22.6% respectively). This means
that transformation gypsum <« bassanite is clearly grain size dependent [20]. The content of anhydrite phase in-
creases with the exposure time for samples, with scarce particle size relationship.

For 5 min, the quantification of XRD patterns corresponding to all samples (Figure 10) is collected in Table 2.
The complete transformation of gypsum was attained for smallest particle size sample. This means that different
final products can be designed by varying the particle size and the exposure time.

To study the particle surface of samples the coarsest sample was selected (G4). Figure 12 shows SEM images
of a particle of G4 before (Figure 12(a)) and after (Figure 12(b)) solar radiation exposure (5 min). Before treat-
ment samples exhibits the typical textures of gypsum consisting of flat faces with very definite edges, smooth
and laminar structures. Gypsum is crystallized in prisms, most are “rhombohedral”. After solar radiation, they
appear textural differences due to dehydratation. Thus, the texture such as a “broken wooden floor” can be ob-
served which is due to the modification of polyhedral arrangement in the non-hydrated phases and also it was
observed the broken grain boundaries.

Figure 13 shows the topographic observation of the sample surface (G4) initial and after 5min of exposure
time. Although the layered structure of the initial sample was maintained during the solar radiation exposure, the
smooth surface is transformed into a rough surface with roughness value of 0.44 + 0.01 um. This means that
roughness increased 30% with respect to the untreated sample.

4. Conclusion

This study demonstrated the viability of the use solar thermal energy for obtaining plaster from the calcination
of gypsum rock. The influence of the grain size in the transformation gypsum-bassanite-anhydrite for different
solar radiation exposure highly affect the mineralogical composition of the final product. Thus, for 5 min,

Table 2. Mineralogical composition of samples after 5 min of solar radiation exposure (wt%).

Sample Gypsum % Bassanite % Anhydrite % Gypsum dehydration (%)
Gl - 7.3 92.7 100.0
G2 0.7 12 86.4 99.3
G4 18 55 26 82.0
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Figure 11. Evolution of CaSO,-H,0 phases for samples G1 and G2 for the different exposure time (m G1, ¢ G2).
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Figure 12. SEM images of G4: (a) before and (b) after 5 min of solar radiation
exposure. A magnificated image is shown in the lower right corner.

Figure 13. Topographic surface of G4 initial and after 5 min of solar radiation exposure.

plaster with different bassanite/anhydrite relationship can be obtained for samples with low grain size (lower
than 4 mm). For coarse sample (larger than 4 mm) the plaster obtained is composed of the three phases. Differ-
ent final products can be designed, selecting the adequate particle size of initial sample and the exposure time.
This preliminary study can be the base of the future works on application of solar thermal energy to the treat-
ment of gypsum-based materials, which due to their low cost should be treated by a low cost and environmen-
tally friendly technology.
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