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Abstract: Plaster is primarily used as a building material obtained by the calcination of gypsum. Its
rapid setting time (time for the mixture to solidify) and the low quality of labor generate a large
amount of nonused material. Due to its solubility in water, wasted gypsum cannot be disposed of in
the environment, and its recycling process is encouraged. In this work, quantitative phase analyses
(QPA) using X-ray powder diffraction (XRPD) data and the Rietveld method were carried out to
determine the amounts of each compound present in commercial, hydrated, and laboratory-recycled
plasters, and the results compared with those obtained by thermogravimetric analysis (TGA). It
was inferred that the Rietveld method associated with XRPD data is quite efficient since it identifies
compounds not seen in the TGA. Furthermore, the amount of water used in the preparation of
hydrated samples influences the proper hydration of the material and, consequently, the recycled
composition of the samples.

Keywords: recycled plaster; thermogravimetric analysis; X-ray powder diffraction; Rietveld method;
quantitative phase analyses; microstructural characterization

1. Introduction

Plaster, in the form of hemihydrate (CaSO4·0.5H2O), undergoes an exothermic reaction
when hydrated and returns to its natural chemical formula (gypsum, CaSO4·2H2O), thus
forming a plaster paste commonly used in construction as internal coatings, decorative
elements, and plasterboards [1], constituting the construction sector responsible for the
consumption of 95% of the total production of gypsum [2]. This paste remains in the
viscous state for a period called “setting time”, and after that, it reaches the solid state,
making it impossible to model.

Concomitant to the plaster use growth, the waste of this material grows due to both
its low handling time and the low-quality workmanship used in its handling. According
to Camarini et al. [3], gypsum plaster waste ranges from 4% to 15% of the Brazilian
construction and demolition waste. Additionally, gypsum cannot be discarded in ordinary
landfills due to its solubility in water, leading to soil leaching, and in contact with moisture,
sulfate-reducing bacteria act on the gypsum, causing the release of hydrogen sulfide
gas (H2S) [3–5]. In Brazil, National Environment Council Resolution (CONAMA) No.
431/2011 [6] amended Resolution No. 307/2002 [7] by allocating plaster, which previously
belonged to Class C (wastes for which economically viable technologies or applications
were not recycled or recovered), to Class B (recyclable waste for other destinations).

The recycling process for this material is straightforward and demands low energy
consumption, requiring only new calcination of the hydrated gypsum to form the hemi-
hydrate plaster again, which can be rehydrated and then reused since it is endlessly
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recyclable [8,9]. Several studies have evaluated the microstructure of recycled gypsum
using chemical analysis [10]; thermal analyses such as TGA, DTGA, and DTA [8,11–13];
X-ray fluorescence [8,14]; and/or grain morphology by SEM [1,15,16]. The X-ray powder
diffraction (XRPD) technique associated with the Rietveld method for the refinement of
crystal structures [17,18] is already widely described in the literature for phase quantifi-
cation of Portland cement [19–21]. However, in plaster studies, this technique is used, in
most cases, to qualitatively determine the phases present in the material [2,9,14,22–24], but
few studies use the Rietveld method with the intention of performing a quantitative phase
analysis (QPA), such as Ahmed et al. [5], who used QPA with XRPD data to determine a
99.8% bassanite content in a plasterboard recycled plaster, and Seufert [25], who performed
XRPD measurements on plasters subjected to different calcination temperatures (85, 120,
180, 250, 380, and 550 ◦C), which were then packed in moisture-protected containers up
to the time of the tests, and applied the Rietveld method for the determination of the
mass fraction of gypsum, bassanite, and anhydrite. Bezou et al. [26] used synchrotron and
neutron diffraction data and the Rietveld method to determine the fractional coordinates
of water molecules within the soluble anhydrite structure and two forms of subhydrated
calcium hydroxide (CaSO4·0.5H2O and CaSO4·0.6H2O); however, they did not present
results regarding the quantitative phase analyses of the materials.

Thus, the present work brings the main contribution of using X-ray powder diffraction
data and the Rietveld method to perform a microstructural study of plaster to analyze
eventual phase changes generated by the recycling process by comparing the results
obtained with a commercial plaster after hydration and after calcination. A correlation was
also made between the results and those obtained by using thermogravimetric analysis.

2. Material and Methods

The plaster sample was obtained from the commercial sector and named in this
work as commercial plaster (CP). To analyze the behavior of the recycled material, CP
was hydrated with three water/plaster ratios (40%, 50%, and 60% in mass) following the
Brazilian standard NBR 12128 [27], originating the hydrated samples HCP_40%, HCP_50%,
and HCP_60%. After being thoroughly dried, the hydrated plasters were ground in an
electric hammer mill. Each sample was submitted to kiln calcination at 160 ◦C for 2.5 h,
resulting in a mass loss of approximately 16%, and the generated recycled plaster samples
were named RP_40%, RP_50%, and RP_60%.

The bulk density was determined according to NBR 12127 [28], and the density
determination was carried out according to the NBR standard NM 23 [29].

The particle size distribution was obtained using a HELOS/BR laser diffraction sensor
(Sympatec GmbH, Clausthal-Zellerfeld, Germany), equipped with a Sucell automatic
wet dispersion unit (Sympatec GmbH, Clausthal-Zellerfeld, Germany). An amount of
0.15 g of plaster in hemihydrate form was mechanically dispersed at 1000 rpm for 60 s
in 50 mL of anhydrous ethyl alcohol to prevent the dissolution of small particles during
measurement. The solution was then maintained for 120 s in an ultrasonic bath before
measurement to avoid particle agglomeration and sedimentation, as indicated by Hunger
and Brouwers [30].

The specific surface area tests of plasters were performed on a Belsorp Max equipment
(MicrotracBEL, Osaka, Japan) based on N2 adsorption on the sample solid surface. All
samples were pretreated for 16 h at a temperature of 40 ◦C in a Belprep-vacII equipment
(MicrotracBEL, Osaka, Japan) under a vacuum of 10−2 kPa, which were necessary condi-
tions to prevent dehydration of the gypsum [31]. To determine the setting time, defined
as the time the material takes to solidify after coming into contact with water, a plaster
paste was produced with the amount of water encountered in the normal consistency test.
The starting setting time is defined as the moment the needle of the Vicat apparatus, with
a diameter of 1.13 ± 0.02 mm, stops 1 mm from the base, while the final setting time is
defined as the moment the needle leaves only a print on the surface, no longer able to enter
into the paste, as recommended by NBR 12128 [27].
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Compressive strength (R, in MPa), described in NBR 12129 [32], is calculated by the
relation between the rupture load (P, in N) and the effort application area (S, in mm2):
R = P/S. The rehydrated specimens were produced for these tests by mixing the recycled
plasters with the same water/plaster ratios (40%, 50%, and 60% in mass) used in the first
hydration. The hydrated samples were named HRP_40%, HRP_50%, and HRP_60%, and a
mold with the capacity to produce three cubic samples with a 50.0 mm edge each was used
to shape the samples.

A scanning electron microscope (SEM, Thermo Fisher Scientific, Waltham, MA, USA),
operating at 10 kV and using a 10 mm working distance, model Quanta 650 FEG from
FEI®, was used to acquire scanning electron microscopy images. Backscattered electron
images and EDS chemical analyses were obtained with a voltage of 20 kV and a working
distance of 13.5 mm. The studied samples HCP_60% and HRP_60% were prepared in a
ceramic vessel, and they stood on a laboratory bench until complete drying (at least 24 h).
Then, the hardened pastes were fractured with the aid of a spatula to form small fragments.
The fragments were fixed in a stub with double-sided carbon tape and covered with a fine
platinum coverage (Bal-tec coater, model MED-020).

X-ray powder diffraction (XRPD, Stoe, Darmstadt, Germany) data were collected
at room temperature on a Stoe® STADI-P powder diffractometer with monochromatic
radiation λ = 1.54056 Å (CuKα1) operating at 40 kV and 40 mA, in transmission geometry,
with the samples loaded between two cellulose acetate foils, kept in rotation during data
collection. A silicon microstrip detector, Mythen 1K (Dectris®), recorded the diffracted
intensities in the range of 10◦ to 90◦, with step sizes of 0.015◦ and 150 s of integration time
at each 1.05◦.

The thermogravimetric analyses were performed in a Netzsch STA 409 PC equipment
(NETZSCH-Gerätebau GmbH, Selb, Germany) from 30 to 1000 ◦C in an open alumina pan
using a heating rate of 5 ◦C min−1 under an inert atmosphere (N2 flux = 20 mL·min−1).

3. Results and Discussion
3.1. Bulk Density, Density, and Compactness

Table 1 presents the average results and the standard deviation of the three determina-
tions of bulk density, density, and compactness (ratio between bulk density and density
averages) of the hemihydrate samples.

Table 1. Bulk density, density, and compactness for hemihydrate samples.

Sample CP RP_40% RP_50% RP_60%

Bulk density (kg·m−3) 899 (12) 631 (10) 561 (3) 449 (5)
Density (kg·m−3) 2796 (59) 2462 (97) 2514 (59) 2517 (60)
Compactness (%) 32.1 25.6 22.3 17.8

The samples CP and RP_40% complied with the required standard NBR 12127 [28], in
which the bulk density minimum value should be 600 kg·m−3, but in comparison with the
commercial plaster, the recycled plasters presented a significant reduction in bulk density
(29.8% for RP_40%, 37.5% for RP_50%, and 50% for RP_60%) and compactness (20.3%
for RP_40%, 30.5% for RP_50%, and 44.5% for RP_60%). These parameters were strongly
influenced by the amount of water used in the production of the residue: the higher the
water content, the more porous the resulting material, and the higher the material volume
used by the same mass. The increasing porosity of the recycled material in relation to
the material coming from the calcination of the gypsum may be related to the fact that
the particles of the mineral (gypsum) were more compact than those of the hydrated
gypsum residue that would undergo calcination, thus making the resulting hemihydrate
a more porous material. The construction plaster density result was compatible with the
value found by Hunger and Brouwers [30], which was 2720 kg·m−3. The recycled plasters
displayed lower density values than the commercial one with an average reduction of 11%;
the water content did not influence this characteristic.
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3.2. Particle Size Distribution

Figure 1 presents the particle size distribution of the hemihydrate samples (com-
mercial and recycled), and Table 2 the results for medium diameter (d50), distribution
amplitude (d90–d10), and theoretical volumetric surface area (VSA) calculated from the
product between the theoretical specific surface area and particle density [1,33].

Figure 1. Particle size distribution of hemihydrate samples (commercial and recycled).

As can be seen in Figure 1, all the samples present a monomodal distribution, and the
particles in the recycled samples are smaller when compared with the commercial sample
(red curves were dislocated to the left), which can be confirmed by the decrease in medium
particle size (d50) shown in Table 2. Figure 1 shows that 46% of the commercial plaster
particles have a diameter less than 0.01 mm, and all the recycled samples have at least
60% of the particles finer than 0.01 mm, indicating that the milling process of the recycled
material was efficient in inducing a narrower size distribution. The sample produced with
the lowest water content (RP_40%) showed the highest fineness, with 77% of the volume
of the particles with a diameter smaller than 0.01 mm. The samples RP_50% and RP_60%
presented similar behaviors in relation to the particle size distribution: around 62% of
particles smaller than 0.01 mm (cumulative volume), but in the RP_50% sample, there was
a higher concentration of particles with an average diameter of 0.030 mm when compared
with RP_60%.

Table 2. Results of medium diameter (d50), distribution amplitude (d90–d10), and theoretical volu-
metric surface area (VSA) of the samples.

Sample d50 (10−3 mm) d10 (10−3 mm) d90 (10−3 mm) d90–d10
VSA

(m2·cm−3)

CP 8.02 1.71 30.62 28.91 1.44
RP_40% 3.86 1.36 11.08 9.72 2.15
RP_50% 5.35 1.59 9.31 7.72 1.7
RP_60% 6.06 1.83 20.14 18.31 1.52

The decrease in particle size after recycling can also be confirmed by reducing the
values of distribution amplitude and the increase in the VSA results, indicating an increase
in the fineness of the material.

3.3. Specific Surface Area (BET)

Table 3 shows the specific surface area results of the hemihydrate samples (CP, RP_40%,
RP_50%, and RP_60%). These tests are based on the BET method [34], which describes the
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particular adsorption of a gas on the particulate material, allowing the measurement of
both the external and internal surface areas if the material has open pores on its surface.

Table 3. Specific surface area of the samples by the BET method.

Sample Specific Surface Area (m2·g−1)

CP 1.79
RP_40% 2.2
RP_50% 2.04
RP_60% 1.9

As can be observed, the specific surface area increased after the recycling process,
corroborating the VSA results shown previously, and RP_40% presented the major specific
surface area, whereas the commercial plaster (CP) the minor one. This can indicate that the
recycling process produces a finer and maybe more porous material, becoming even more
reactive.

3.4. Setting Time

Figure 2 shows the start and final setting times of the samples and the interval between
them.

As can be seen in Figure 2, both the start and final setting times, as well as the interval
between them, increase with the water addition in the mixture because the more water
there is, the more slowly the hydration reactions occur, as recommended in the literature
and reported by Lewry and Williamson [35]. However, the start and final setting time
interval decreased for the recycled plasters HCP_40% and HCP_60% but remained constant
for HCP_50%.

A construction plaster paste prepared with a water/plaster ratio of 0.52 by Camarini
and Milito [36] presented start and final setting times of 8 and 18 min, respectively, like
those presented by the studied plaster (commercial sample).

Figure 2. Setting time of commercial and recycled plaster samples (start setting time—vertical stripes,
final setting time—diagonal stripes, and interval—red squares).

3.5. Compressive Strength

Figure 3 shows the average results of the compressive strength of three specimens for
each sample.
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Figure 3. Compressive strength of the plaster: the bars with vertical stripes represent the results of
the commercial plaster, the bars with diagonal stripes the results of the recycled materials, and the
red squares indicate the strength loss after recycling (red axis on the right).

The commercial plaster showed a compressive strength above the minimum value
(8.40 MPa) specified in the Brazilian standard NBR 13207 [37] for all water contents used.
Although it was expected that the compressive strength would decrease with increasing
water content, the paste prepared with 50% water (HCP_50%) showed the highest value
among the analyzed samples. This fact can be explained both by the higher dihydrate
content present, verified by the characterization techniques already discussed, and by the
viscosity of the paste, which allowed a better filling of the form. The HCP_40% sample was
less fluid, making it difficult to mold the specimen, generating defects that reduced the
compressive strength of the material.

After recycling, the material showed a reduction in compressive strength for all
the samples, varying linearly with the water content of the paste: 42.6% for the sample
HRP_40%, 61.3% for the sample HRP_50%, and 68.9% for the sample HRP_60%. One
of the reasons for the reducing compressive strength may be the difficulty in molding
the specimens since the pastes produced with recycled plaster were less fluid than the
commercial one, probably generated by the increase in the specific surface area.

3.6. Scanning Electron Microscopy (SEM)

Figure 4 shows scanning electron microscopy images (SEM) of the hydrated samples
with magnifications of 10,000 × and 60,000 ×. The images on the left panel (Figure 4a,c)
correspond to the samples hydrated from the commercial plasters, and the images on the
right (Figure 4b,d) are the samples hydrated from the recycled plasters.

As can be seen in Figure 4, the gypsum crystals are thinner, shorter, and not so well
formed in the recycled sample, like in the commercial plaster. Gypsum crystals originated
by the commercial plaster presented lengths of 2.5 to 18.7 µm (Figure 4a), while for the
recycled sample, the length of the crystals varied from 1.7 to 7.5 µm (Figure 4b). The
cross-section measures of the hydrated commercial crystal were 1.38× 1.82 mm (Figure 4c),
and for the hydrated recycled sample, they were 0.81 × 1.34 mm, confirming that the
recycling process had an impact on the physical properties of the material. However, in
Figure 5, it can be observed that the presence of impurities, such as dolomite, was verified
by the EDS chemical analysis, confirming the phases found in the XRPD tests.
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Figure 4. SEM images of the commercial and recycled samples (w/g ratio of 60%) in the hardened state (HCP_60% on the
left and HRP_60% on the right): (a) and (b), 10,000 times magnification; (c) and (d), 60,000 times magnification.

Figure 5. SEM images of the hardened plaster HCP_60% (a) and EDS diagram (b).
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3.7. X-ray Powder Diffraction

First, a qualitative phase analysis of the samples was carried out using the QualX2 soft-
ware [38] implemented with an internal version (PowCod 1906) of the Crystallography Open
Database (COD) [39] available at http://crystallography.net (accessed on 29 October 2020).
The compounds found were gypsum (dihydrate—COD number 9013164 [40]), bassanite
(hemihydrate—COD numbers 2105042 [41] and 9012211 [26]), anhydrite (ICSD number
28546 [42]), calcite (COD number 9015460 [43]), dolomite (COD number 9003508 [44]),
olivine (COD number 9006398 [45]), and quartz (ICSD number 174 [46]). To determine the
phase contents, quantitative phase analyses (QPA) [47] were carried out utilizing Rietveld
refinements using the software TOPAS-Academic v. 6 [48]. The refinements of all the
samples followed the strategies and parameters adopted by Cordon et al. [8].

Figures 6–9 show the Rietveld plots of the hemihydrate samples. As previously
described [8], the bassanite file 2105042 [41] was used for the Rietveld refinement of the
commercial plaster (CP sample), and the bassanite file 9012211 [40] for the recycled samples
(RP_40%, RP_50%, and RP_60%). The criterion for assessing the refinement quality was
the same used by Cordon et al. [8] to verify the joint impact of some correction parameters
(preferred orientation of the crystallites [49] or isotropic microstrain, for example) in the
RWP, χ2, and RBragg factors of major phases, whose results are presented in the Rietveld
plots (Figures 6–9).

Figure 6. Rietveld plot for the hemihydrate sample CP. The open circles represent the observed
data, the red line represents the calculated pattern, and the blue line is the difference between the
calculated and observed data. The vertical bars represent the positions of the peaks of each phase
present in the sample.

http://crystallography.net
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Figure 7. Rietveld plot for the hemihydrate sample RP_40%. The open circles represent the observed
data, the red line represents the calculated pattern, and the blue line is the difference between the
calculated and observed data. The vertical bars represent the positions of the peaks of each phase
present in the sample.

Figure 8. Rietveld plot for the hemihydrate sample RP_50%. The open circles represent the observed
data, the red line represents the calculated pattern, and the blue line is the difference between the
calculated and observed data. The vertical bars represent the positions of the peaks of each phase
present in the sample.
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Figure 9. Rietveld plot for the hemihydrate sample RP_60%. The open circles represent the observed
data, the red line represents the calculated pattern, and the blue line is the difference between the
calculated and observed data. The vertical bars represent the positions of the peaks of each phase
present in the sample.

Commercial plaster commonly presents impurities such as clay, chalk, dolomite, silica,
and iron compounds and may also occur in different colors. Boisvert et al. [50] used in
their work an industrial plaster with 3% of anhydrite, 2% of CaCO3, 0.5% of MgCO3, and
0.5% of SiO2 determined by elemental analysis—values very different from those found
herein. Chandara et al. [14] verified the presence of SiO2 in gypsum samples. The contents,
determined by X-ray fluorescence, were 1.90 and 0.93 wt% for natural gypsum and wasted
gypsum from the ceramic industry, values higher than those found in the present work
(0.1% to 0.4%) for quartz.

The Rietveld plots of the dihydrate samples are shown in Figures 10–12.
The hydrated plasters presented the expected gypsum phase, all the other compounds

found in the hemihydrate samples, and a residual bassanite content, as also found by
Pundir et al. [51]. The contents for all the phases will be presented in Section 3.9, with a
subsequent comparison with TGA results.

3.8. Thermogravimetric Analysis (TGA)

As shown in Figure 13a,b, the hemihydrate samples (commercial and recycled plasters)
are similar for all TGA curves, although a nonlinear behavior in relation to the reaction
temperature is observed. The first peak registered in TGA occurred between 114 and
118 ◦C with a mass loss of 5%, showing that the hemihydrate reaction temperature was
practically constant for all the samples. The second peak, which stands for the dolomite
decomposition, occurred between 688 and 714 ◦C with a mass loss of 10%. As shown in
Figure 13c,d, the behavior of the dihydrate samples was also similar for the TGA tests.
The first peak observed in TGA occurred at approximately 130 ◦C with a mass loss of
15%, and the second peak at 690 ◦C with a mass loss of 9%. The mass loss registered in
the calcination of gypsum (16%) to generate the recycled plaster was consistent with that
observed in the first peak of the TGA tests (15%).
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Figure 10. Rietveld plot for the dihydrate sample HCP_40%. The open circles represent the observed
data, the red line represents the calculated pattern, and the blue line is the difference between the
calculated and observed data. The vertical bars represent the positions of the peaks of each phase
present in the sample.

Figure 11. Rietveld plot for the dihydrate sample HCP_50%. The open circles represent the observed
data, the red line represents the calculated pattern, and the blue line is the difference between the
calculated and observed data. The vertical bars represent the positions of the peaks of each phase
present in the sample.
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Figure 12. Rietveld plot for the dihydrate sample HCP_60%. The open circles represent the observed
data, the red line represents the calculated pattern, and the blue line is the difference between the
calculated and observed data. The vertical bars represent the positions of the peaks of each phase
present in the sample.

Each of the contents of the compounds was estimated following the methodology pro-
posed by Dweck and Lasota [12]; the mass loss was correlated with the chemical reaction
occurring in dehydration or decomposition. Thus, it is possible to calculate the contents
of dihydrate (D = ∆M1/0.2093), hemihydrate (H = (∆M2 − 0.062·D)/0.062), dolomite
(Dolomite = ∆M3/0.477), and anhydrite (A = 100− (D + H + Dolomite)). As the ther-
mogravimetric tests were conducted with an opened pan, it was impossible to observe
different peaks in dihydrate and hemihydrate reactions [52]. Thus, it was considered that
both the commercial sample and the calcined gypsum only presented hemihydrate in their
composition, while the hydrated samples showed only the dihydrate phase. Thus, the
second peak corresponded to the reaction of the dolomite.

3.9. Comparison between TGA and XRPD

Since the composition of the studied plasters was determined by TGA and XRPD
analyses, it is interesting to compare the results shown in Table 4. The XRPD results are
presented with the estimated standard deviations (esds) between parentheses. For the TGA
results, it was not possible to calculate the esds since only one data collection was carried
out for each sample.

The CP sample had a high content of inert materials (more than 30%), 2/3 of them
corresponding to the presence of dolomite, an amount much higher than the 2% impurity
content found by Peres et al. [53]. As the recycled and hydrated samples were obtained
from the commercial material, the dolomite values followed the same order of magnitude,
as expected.

Among the plasters in hemihydrate form, the anhydrite levels tended to decrease as
the water content in the sample preparation increased, showing that the hydration was
more efficient when 60% of water was used in the paste preparation. Consequently, the
hemihydrate content tended to increase with increasing water ratio.



Constr. Mater. 2021, 1 117

Figure 13. Thermogravimetric analysis for (a,b) the hemihydrate and (c,d) dihydrate samples.

Table 4. Compound contents in the samples determined by TGA and XRPD.

Samples CP RP_40% RP_50% RP_60% HCP_40% HCP_50% HCP_60%

Compounds (wt%) TGA XRPD TGA XRPD TGA XRPD TGA XRPD TGA XRPD TGA XRPD TGA XRPD

Gypsum
(CaSO4·2H2O) - - - - - - - - 68.1 61.6

(17) 74.2 72.5
(13) 72.4 69.2

(13)
Bassanite

(CaSO4·0.5H2O) 66.3 64.2
(14) 74.3 69.7

(17) 76.9 71.6
(19) 77.6 70.5

(18) - 3.9 (3) - 1.0 (1) - 1.0 (1)

Anhydrite (CaSO4) - 4.1 (2) - 3.1 (2) - 1.9 (2) - 1.7 (2) - 2.4 (2) - 2.0 (1) - 2.1 (1)
Calcite (CaCO3) - 5.1 (3) - 4.1 (4) - 3.9 (4) - 3.8 (4) - 5.3 (4) - 4.3 (3) - 4.8 (3)

Dolomite (MgCaC2O6) 22.1 25.7
(13) 19.9 22.1

(14) 21.7 21.7
(16) 22.4 22.6

(16) 22.8 26.0
(14) 18.2 19.8

(11) 19.2 22.6
(11)

Olivine (Mg2·SiO4) - 0.7 (1) - 0.6 (1) - 0.6 (2) - 1.0 (1) - 0.5 (1) - 0.3 (1) - -
Quartz (SiO2) - 0.2 (0) - 0.4 (1) - 0.3 (0) - 0.4 (1) - 0.3 (0) - 0.1 (0) - 0.3 (0)

Impurities 11.6 - 5.8 - 1.4 - 0 - 9.1 - 7.6 - 8.4 -
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Sulfate phases 66.3 68.3 74.3 72.8 76.9 73.5 77.6 72.2 68.1 67.9 74.2 75.5 72.4 72.3
Sulfate

phasesTGA–sulfate
phasesXRPD

−2 1.5 3.4 5.4 0.2 −1.3 0.1

Carbonate phases 22.1 30.8 19.9 26.9 21.7 25.6 22.5 26.4 22.8 31.3 18.2 24.1 19.2 27.4
Carbonate

phasesTGA–carbonate
phasesXRPD

−8.7 −7 −3.9 −3.9 −8.5 −5.9 −8.2
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CP was the sample that showed the lowest bassanite content variation (2.1%) between
the two techniques (TGA and XRPD). The recycled samples presented higher variation
in bassanite contents between the techniques: 4.6% for RP_40%, 5.3% for RP_50%, and
7.1% for RP_60%, but the values were consistent for the same technique. However, when
analyzing the total sulfate content, where the values of bassanite and anhydrite were added,
the difference between the techniques was reduced since, in TGA, it was not possible to
determine the anhydrite content. When analyzing the results obtained with the TGA and
XRPD techniques, the bassanite content slightly increased after recycling, as the anhydrite
content was reduced with the increase in water amount (4.1% for CP, 3.1% for RP_40%,
1.9% for RP_50%, and 1.7% for RP_60%), indicating adequate material hydration.

For the hydrated samples (HCP_40%, HCP_50%, and HCP_60%), the gypsum content
was almost constant among the techniques, except for the HCP_40% sample, with a
difference of 6.5%. These samples also presented a residual bassanite content only identified
by the XRPD technique, which reduced with the increase of water ratio, confirming the
previous assumption that the amount of water was not sufficient for the total hydration of
the commercial plaster. The anhydrite content did not vary among the hydrated samples
for XRPD. However, the total value of the calcium sulfate compounds showed low variation
among the techniques only between the samples, as observed for the gypsum phase.

The dolomite content, which varied from 18.2% to 26.0%, presented low variation for
all the samples (for TGA and XRPD); however, it presented differences between the tech-
niques, as observed by the carbonate values phasesTGA–carbonate phasesXRPD in Table 3.
One of the main reasons was the presence of calcite detected by the XRPD analyses, which
was not detected in the TGA curves, where only the presence of dolomite as carbonate
was assumed for calculation purposes. However, the minority phases (calcite, olivine, and
quartz) identified by XRPD showed small variations among the samples, which can be
absorbed by the refinement errors.

The sum of the differences between the sulfate content (sulfate phasesTGA–sulfate
phasesXRPD) and the carbonate content (carbonate phasesTGA—carbonate phasesXRPD) for
the two techniques was practically equal to the number of impurities determined in TGA.
This difference may be because only the presences of hemihydrate and dolomite were
considered in the TGA analyses, whereas anhydrite, calcite, olivine, and quartz were
detected in the XRPD data.

Chandara et al. [14] performed thermogravimetric tests to quantify the compounds
present in two gypsum samples in the form of dihydrate—one natural and one wasted from
ceramic molds—and XRD tests for phase identification. They found 91.28% of dihydrate,
1.61% of hemihydrate, 4.32% of anhydrite, and 2.79% of impurities in natural gypsum and
80.90% of dihydrate, 12.45% of hemihydrate, 4.34% of anhydrite, and 2.30% of impurities
in wasted gypsum. These contents are very different from those found in this paper,
representing 30% of dolomite. Probably, this difference arises from the quality of the
pristine material.

The presence of bassanite was only identified by the XRPD technique, and content
decreased with increased water quantity, indicating improved material hydration. The
anhydrite content did not vary among the samples for XRPD. However, the calcium sulfate
compounds’ total value showed low variation among the techniques only among the
samples, as observed for the gypsum.

4. Conclusions

After the recycling process, the plaster became finer and less compact, generating con-
sequences such as a decrease in setting time and compressive strength, besides presenting
less workability.

The QPA results determined by the Rietveld refinements were consistent with those
obtained by the mass losses analyzed in the TGA tests for the commercial plaster and the
hydrated samples, especially in the gypsum and dolomite phases. The calcined gypsum
presented different amounts of hemihydrate for each technique. The amount of bassanite,
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the main compound of commercial plaster, did not change after recycling, justifying its
viability, which is related to the efficiency of the chemical reversibility of the process. An
unexpected finding was the high concentration of impurities in the commercial gypsum
acquired, around 20% of dolomite and 10% of other materials, which may influence the
recycling process.

In addition to the phases identified by thermogravimetric analysis (dihydrate—gypsum,
hemihydrate—bassanite, and dolomite), XRPD revealed a complete characterization by the
identification and quantification of other phases present in the material, such as anhydrite,
calcite, olivine, and quartz.

The amount of water used in the production of pastes influenced the hydration of the
material since, with more water, part of anhydrite was hydrated, and the recycled plaster
showed higher hemihydrate levels than the commercial sample.
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