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Abstract: The incorporation of waste into construction materials is a potential topic for study and is
seen as a solution for many industries that face the following impasse: the risk to the environment due
to the accumulation of waste in yards. In view of this, during the production of lactic acid, which is
widely used in industries, gypsum is produced as a byproduct, yielding one ton for each ton of lactic
acid. Aiming at a functional destination for this byproduct, this study proposes its addition in mortars
for covering walls and ceilings. The research proposal was a mortar in a 1:6 ratio (cement:sand)
with the addition of 0, 3, 6 and 10% of industrial plaster byproduct. The cement used to prepare
the mortar was CPII-E32. To characterize the raw materials, scanning electron microscopy, X-ray
fluorescence and X-ray diffraction analysis were carried out. To evaluate the properties in the fresh
state, a consistency index and mass density and entrained air tests were carried out. In the hardened
state, mass density, axial compression strength, flexural tensile strength and water absorption via
capillarity were evaluated after 28 days of age. Microstructural characterization techniques were
also carried out on the reference mixtures and with 3% addition of the byproduct gypsum, such
as scanning electron microscopy and X-ray diffraction. The results showed that the byproduct is
hemihydrate and its addition improved the workability of the mortar. Mortars with the addition
of byproduct gypsum showed a reduction in mechanical resistance. The most satisfactory results
were for the mixes with a 3% addition, indicating greater resistance to axial compression and flexural
traction, with 3.90 MPa and 1.14 MPa, respectively.

Keywords: byproduct gypsum; mortars; characterization of materials

1. Introduction

Mortar can be defined as a mass made from a mixture of relatively fine aggregates
with a binder and water. However, other materials can be included in its formulation,
for optimization in relation to the type of application in question. However, with the
development of the civil construction sector, there is an increase in research evaluating
the incorporation of waste into mortars and these have brought good prospects from
an economic point of view, since the use of waste generates cost reductions and favors
adequate disposal of a material previously considered insignificant [1].

The production of lactic acid gives rise to the byproduct gypsum used in this study.
Lactic acid has wide application as a raw material for various industries, such as the food
industry, pharmaceutical industry and leather and textile industries [2]. Its production is
based on a fermentation process, where bacteria are fermented and Ca(OH); is added to
control the pH, thus producing calcium lactate. The use of sulfuric acid to liberate lactic acid
from calcium lactate subsequently generates calcium sulfate as a solid byproduct gypsum
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that is discarded [3]. In this fermentation process, it is estimated that approximately one
ton of gypsum (CaSOy) is generated per ton of lactic acid produced, highlighting the
importance of enabling the application of this byproduct gypsum in some production
process [4].

To characterize the byproduct gypsum, as well as other solid aggregates used in the
preparation of the mortar, tests were carried out to determine the chemical composition,
mineralogical analysis, specific mass and granulometry. To determine the properties of
the mortar in the fresh state, the consistency index, mass density in the fresh state and
incorporated air test content were evaluated. In the hardened state, tests were carried out to
evaluate compressive strength, flexural tensile strength and water absorption by capillarity
after 28 days of curing.

2. Materials and Methods
The flowchart that summarizes the methodological path of this research is given in
Figure 1.
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Figure 1. Experimental program flowchart.

2.1. Raw Material

The raw materials used in the preparation of the mortar were natural sand, Port-
land cement, byproduct gypsum and water. The sand used in this experiment was of
natural origin, extracted from the Paraiba do Sul River, in the municipality of Campos
dos Goytacazes-R]. The availability and wide use of CPII-E cement in the Campos dos
Goytacazes-R] region were the main justifications for choosing this binder. The industrial
byproduct gypsum, coming from the production of lactic acid, was supplied by a company
located in Campos dos Goytacazes-R]. The byproduct gypsum was subjected to natural
drying for 48 h and in an oven at 100 & 10 °C for 48 h. Soon after, to reduce particle size,
the byproduct was crushed using a mortar and porcelain piston. After this process, the
byproduct gypsum was passed through an 8 x 2 stainless steel granulometric sieve, with
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0.075 mm openings and a 200 mesh, for better refinement. Figure 2 shows the physical
appearance of the byproduct gypsum as received and after 48 h of natural drying.

Figure 2. Byproduct gypsum (a) in natura and (b) natural drying after 48 h.

2.2. Characterization of Raw Materials

The chemical characterization of the gypsum and CPII-E32 byproduct was carried
out using the X-ray fluorescence technique, which allows for the detection of the elements
present and their respective compositions. The equipment used to perform the XRF analysis
was a Rigaku Primini with a palladium X-ray generating source. To carry out the analysis,
the sample was analyzed in powder form.

The mineralogical analysis of the samples was carried out using the X-ray diffraction
technique at the University of Sao Paulo (USP). Byproduct gypsum samples, as well as
CPII-E samples, were previously sieved with a 200 mesh. The parameters adopted in
this analysis were an angular step of 0.02 with an interval of 1 s and a scanning angle of
26, ranging from 0 to 70°. The identification of the minerals present in the samples was
possible with the help of the PDF-2 database from the International Center for Diffraction
Data (ICDD).

The granulometric analysis of the sand, the byproduct gypsum and the CPII-E cement
was carried out using the laser granulometry test, which measures the diffraction angles
of the laser beam and correlates them with the diameters of the particles. The equipment
used was the MICROTRAC 53500 Particle Size Analyzer and was carried out at the Federal
University of Santa Catarina (UFSC). The determination of the specific mass of the sand
was carried out according to the procedures of [5]. The specific mass tests for the Portland
CP II-E cement and the byproduct gypsum were carried out according to procedures
determined by [6]. These tests were carried out at the University of the Northern Rio de
Janeiro (UENF).

2.3. Preparation of the Experimental Mortar

The fresh mortars were prepared according to the guidelines of [7]. A bench mortar
was used to help homogenize the mortar. For this purpose, 2.5 kg of dry material were
used for each mixture with water. The required mass of water was determined using
the limits established with the consistency index test, according to [8]. The nomenclature
adopted in this study, for each mortar mixture, as well as their respective additions of
plaster byproducts, is presented in Table 1.

According to Mohammed and Safiullah [9], the optimum gypsum content is 5.5, which
is why the gypsum addition percentages were 3, 6 and 10%.
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Table 1. Nomenclature adopted for each mortar formulation.

Nomenclature Composition
Reference mortar with Portland CPII cement without added
CPII00
byproduct gypsum.
CPII03 Mortar with Portland CPII cement and 3% waste addition.
CPII06 Mortar with Portland CPII cement and 6% waste addition.
CPII10 Mortar with Portland CPII cement and 10% waste addition.

2.4. Tests in the Fresh State

The consistency index test was carried out in accordance with the guidance of [8], with
the aid of a frustoconical mold, metal fitting and metal ruler.
The fresh mass density test was carried out following the guidelines of [10].

2.5. Tests in the Hardened State

To carry out the tests in the hardened state, 6 prismatic specimens measuring
4 cm x 4 cm x 16 cm were molded and prepared in metallic molds, which consist of
open frames with removable walls.

The hard state tests were carried out in the LAMAV /LECIV laboratories located at the
UENE after drying and curing for 28 days.

The flexural tensile strength test was carried out in accordance with [11]. Three
samples were subjected to the flexural tensile test in an INSTRON 5582 model press with a
maximum capacity of 10 tons. The load applied to the specimens was 50 = 10 N/s, at a
speed of 1 mm/s until rupture.

When carrying out the axial compression resistance test, halves of three samples
broken in the previous test were used. The specimens were positioned in the support
device of the INSTRON 5582 press, with a maximum capacity of 10 tons, applying a load
of 500 £ 50 N/s, at a speed of 10 mm/min until the specimens ruptured. This test was
carried out in accordance with [11].

For the capillary absorption test, three specimens were molded for each incorporation
in accordance with [12]. The surface of each specimen was sanded with coarse sandpaper
and cleaned with a brush, to better standardize the specimens.

3. Results and Discussions
3.1. Characterization of Materials

e  X-ray fluorescence
To carry out this test, the byproduct gypsum and Portland cement were crushed and
passed through a 75 pm sieve (n° 200).

The elements and their respective compositions present in the byproduct gypsum and
CPII-E32, obtained via chemical analysis using X-ray fluorescence, are presented in Table 2.

Table 2. Chemical composition.

Component Bypr(()s/louﬁiz)psum (°/0C1\1/’Iilss)
MgO R 1.14
AlLOs 091 554
SiO, 0.92 17.06
P,05 0.08 018

SO, 53.29 2.64

Ccl 0.09 0.07
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Table 2. Cont.

Component Bypr(();uﬁaGs:)psum (°/OC1\I/’IIaIss)
K,0 0.16 0.71
CaO 44.56 67.84

FeyO5 - 3.30
Ag:0 - 1.52

According to the specifications of [13], construction plaster has a minimum content of
38% CaO and a minimum content of 53% SO3. According to the results presented in Table 2,
the byproduct gypsum used in this study has specifications that are compatible with those
indicated by the standard, since it is predominantly composed of SO3 (53.29%) and CaO
(44.56%), totaling 97.85%. The content of 2.08% suggests the presence of impurities in the
mass of the byproduct gypsum, composed of alumina, silica, chloride and potassium oxide.
These results corroborate those found by other authors [14-18].

The results obtained by the chemical analysis of CPII-E cement indicated the predomi-
nance of silica and calcium oxide, a characteristic composition of Portland cement. Other
authors also found mainly silica and calcium oxide in CPII-E, being 29.54% and 49.01%,
respectively [19].

e  X-ray diffraction

To carry out this test, the byproduct gypsum was crushed and passed through a 75 pm
sieve (n° 200).

Figure 3 shows the diffractogram obtained for the byproduct gypsum. The peaks
identified in the sample correspond to a single mineral, bassanite, characterizing the
byproduct gypsum as a hemihydrate (CaSO4-0.5H;0). The absence of detection of peaks in
the X-ray diffraction results that would correspond to the oxides that were found in the
chemical analysis with X-ray fluorescence indicates that the components are present in the
sample as amorphous materials.
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Figure 3. X-ray diffraction diagram of the byproduct gypsum.

Other authors also characterized the byproduct gypsum obtained by the production
of lactic acid to evaluate the photooxidation of these PLA /calcium sulfate composites,
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classifying it as calcium sulfate hemihydrate (CaSOy4-0.5H,O)—bassanite. In another study,
the authors evaluated hardened (PLA)-CaSO4 composites with low molecular weight
plasticizers similar to polymeric esters and related weight and performance. In the study,
the byproduct of the lactic acid manufacturing process was also characterized as calcium
sulfate hemihydrate (CaSO4-0.5H,0), agreeing with the results obtained in this study. The
byproduct was used in their studies [20,21].

e  Granulometric distribution

Figure 4 shows the particle size distribution of the byproduct gypsum, sand and CPII
E-32 obtained via laser granulometry. The particle size distribution curve of the byproduct
gypsum shows the particle size as being 2.36 um in d10, 6.38 pm in d50 and 50.08 um in
d90. The CPII E-32 cement presented particles measure 3.39 um in d10, 18.74 pm in d50
and 46.77 um in d90. The sand particle sizes were 0.1786 mm at d10, 0.3356 mm at d50 and
0.6428 mm at d90. For the sand, there was a predominance of around 67% medium sand,
18% coarse sand and 15% fine sand, without the presence of clay and silt fractions.

100 ———7 e e i i AKX EEI S o A | LA e M a2
80—t Tt —
70 4+——Ht | S 111 S ARTT SRS RS B 121 S 2T
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Figure 4. Laser particle size curve.

Contrasting the results of the granulometry of the sand and the byproduct gypsum, it
is notable that the sand consists of larger particles than the byproduct gypsum, which is
characterized by very fine particles. This is proven by the D90 of the sand being 0.6428 mm
and D90 of the byproduct gypsum being 0.05008 mm.

Particle size has an influence on several plaster properties, such as unit mass, com-
pressive strength and normal consistency. Regarding the influence that particle size exerts
on the hydration process of the binder, particles with larger dimensions have a lower
hydration speed due to the fact that the hydration process occurs from the external surface
of the grain to its interior [22-24].

e  Specific mass

The results obtained in the specific mass tests are presented in Table 3.

Table 3. Specific mass.

. Specific Mass (g/cm?3)

Material (NBR 16605, 2017) [6]
Byproduct gypsum 2.73
CPII-E 2.94

Sand 2.67




Sustainability 2024, 16, 1193

7 of 19

AccV  Probe
150KV 40

i

%100

The byproduct gypsum had a specific mass of 2.73 g/cm?, the CPII-E cement 2.94 g/cm?

and the sand 2.67 g/ cm?.

These results are in agreement with those found by other authors, as [16] obtained a
specific mass of 2.61 g/cm? for natural hemi hydrated gypsum obtained via calcination
of natural gypsum. Ref. [25] found specific mass values for sand of 2.65 g/cm3 and for
CPII E-320f2.95 g/ cm?, in accordance with the results of this study and [26], in which the
specific mass of natural quartz sand was 2.64 g/cm?>.

e  Scanning electron microscopy (SEM) of byproduct gypsum

According to the analysis of the byproduct gypsum sample via scanning electron
microscopy, it was possible to observe the microstructural and morphological characteristics
of the component particles. Figure 5 presents the micrographs of the byproduct gypsum,
obtained through scanning electron microscopy, with image magnification of 100 times in
Figure 5a and 400 times in Figure 5b. It is possible to observe that microstructures of hemi
hydrated gypsum particles appeared as crystals with hexagonal shapes, with a smooth
surface (highlighted by arrows) and others with irregular shapes, some with overlapping
crystals with different sizes (highlighted by circles). The crystal morphology of gypsum
hemihydrate appeared in the form of large blocks.

Mag WD Det F—— 100um c Probe
18 SE  LAMAV/UENF 150kV 40  x400 18 SE  LAMAV/UENF

Figure 5. SEM of the byproduct gypsum. (a) 100x and (b) 400 x.

This lamellar-shaped crystal structure, with a smooth and irregular surface, found in
this study was also identified by other authors [14,16,27-29].

3.2. Tests Results in the Fresh State

The mortars were made in a ratio of 1:6 (cement:sand) according to the procedures
of [7], with the addition of 0, 3, 6 and 10% of byproduct gypsum in relation to the cement.

o Consistency index

The amount of water required for each trace under study was determined by the
consistency test, the results of which are described in Table 4. All traces corresponded to
the limit of 260 £ 5 mm, established by [8].

Table 4. Spreading and W/C ratio.

Consistency Index Water/Dry Materials

Mixture (mm) Ratio W/C
CPII00 255 0.2040 143
CPI1103 257 0.2031 1.43
CPII06 263 0.2023 143

CPII10 265 0.2011 1.43
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The W/C ratio was constant for the reference mixes and the mixes with additions of 3,
6 and 10% of byproduct gypsum, in relation to the type of CPII-E cement. This constancy
is justified by the low levels of byproduct gypsum added to the respective traces. As the
byproduct gypsum was added, the water/dry materials ratio decreased, as it was possible
to maintain the spreading limit suggested by the standard, adding the same amount of
water as the reference mix.

The water/dry materials ratio was different in the different mixtures, since the amount
of water remained, but the amount of byproduct gypsum in each mixture increased, that
is, the amount of dry materials in each mixture increased; however, it did not change the
amount of water.

o  Fresh mass density and incorporated air content

Figure 6 shows the results obtained in the fresh density test.

250
240
230 = = = - -
220

T 210 s

% 2.00 : 1.94

;1.90 1.85
s 1.80
S
2 170
1.60
1.50
140 — = - _———— - - - - -
1.30

CPII00 CPII03 CPII06 CPII10
Mixtures

Figure 6. Results of the mass density test.

According to the results obtained, it is notable that the addition of byproduct gypsum
caused a decrease in mass density in mortars with Portland CPII cement. This behavior is
justified by the hydration process of the byproduct gypsum, responsible for consuming
part of the water present in the mortar, causing a drop in density, although the specific
mass of the water is lower than that of the byproduct gypsum.

The results of the incorporated air content, presented in Figure 7, corroborate the
aforementioned justifications, as an increase in the incorporated air content is observed for
the mixes with gypsum additions. The trace with the highest incorporated air content is
CPII10 with 12.1%.

The incorporated air content of mortars with byproduct gypsum additions was higher
than the reference mortar and increased with increasing gypsum additions. It is worth
highlighting that although the granulometry of the byproduct gypsum is in the form of
fine particles (2.36 um in Djy), this factor interferes with the air incorporation process, so
that the finer the particles, the more water will be required to achieve the consistency of
the mixture. In this way, the addition of fine particles would result in more free water for
air incorporation and would reduce the incorporated air content [30]. However, the result
obtained was contrary, as the added byproduct gypsum content is relatively low, it becomes
insufficient to fill the existing voids and consequently reduce the incorporated air content.

The increase in incorporated air content with the addition of the byproduct gypsum
can be explained by the better workability when gypsum is added, as shown in Table 4.
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Figure 7. Results of the incorporated air test.

The high content of incorporated air interferes with compression resistance and can
cause excessive porosity in mortars, thus allowing increased permeability and infiltration,
contributing to pathologies in the coatings [31].

In [32], a limit for the air content incorporated in mortars is established in the range of
8 to 18%. Therefore, despite the increase in the air content incorporated in mortars with
gypsum additions, it does not make their use unfeasible, since the values obtained are
within pre-established limits.

e Rheological characterization: squeeze flow method

The squeeze flow test was carried out according to the guidelines of [33]. The test was
carried out in three different periods in relation to the preparation of the mortar: freshly
prepared, after 15 min and after 60 min. The speed at which the test was performed was
0.1 mm/s.

Figure 8 shows the load x displacement curve for material compression speeds of
0.1 mm/s, for newly prepared mortars, whose maximum loads were 1000 N.

1000 | 1000/

CPII00 / CPII03
800 ,, 800
600 : 600
400 Ve 400
200 . 200
—~ | W= =
z o 9 5
< 00 01 02 03 04 05 06 07 08 09 10 0.0 05 1.0 15 20
B
o 1000 1000
CPII06
il 800 ) & CPII10
600 A 600
400 400
200 S 200

0 e 0 —
00 02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18

Displacement (mm)

Figure 8. Load (N) x displacement (mm) curve at speed 0.1 mm/s—in freshly prepared CPII mortars.

When analyzing the behavior of the curves, it is noticeable that the traces with addi-
tions of byproduct gypsum obtained greater displacement. In the curve referring to the
samples without byproduct additions, 1000 N were needed to cause a displacement of
1 mm, while the others were less than 200 N. Therefore, the samples with additions were
more deformable when compared to the references.

Figure 9 shows the load x displacement curve for material compression speeds of
0.1 mm/s, for mortars after 15 min, whose maximum loads were 1000 N.
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Figure 9. Load (N) x displacement (mm) curve at speed 0.1 mm/s—in CPII mortars after 15 min.

In the mortar traces tested after 15 min, the behavior of the curves was similar; the
displacement variation was minimal, except for the CPII10-15 min sample, which showed
greater displacement, indicating greater workability after 15 min of preparation.

The sample with the upper gypsum trace, CPII10 for a time of 15 min, showed good
workability, indicating a delay in setting time caused by the addition of byproduct gypsum.
This behavior is similar to that observed in the consistency index, since mortars with higher
gypsum contents showed greater spread, indicating better workability of the mortar.

Comparing the freshly prepared samples with those tested after 15 min, a greater
displacement is noted for the CPII00 and CPII10 samples.

The curvature related to the CPII03 mortar in a time of 15 min was irregular; compared
to the others, this behavior indicates that the material tested presented problems of internal
friction (shear) causing differences in the component particles such as the presence of sand
and particles of plaster, causing these particles to slide over each other [34].

Figure 10 shows the load x displacement curve for material compression speeds of
0.1 mm/s, for mortars after 60 min, whose maximum loads were 1000 N.

1000 CPII00 - 60 min 1333 CPI1103 - 60 min

800 800

200

200 500
e I | . | 100 B
z 00 02 04 06 08 10 12 00 02 04 06 08 10 12 14 16
©
@© 1000 CPII08 — 80 min 1000 criito - 80 min
S 800, 800

600 600}

400 400|

200 200|

0 |

00 02 04 06 08 10 12 14 000204 060810 12 14 16 18
Displacement (mm)

Figure 10. Load (N) x displacement (mm) curve at speed 0.1 mm/s—in CPII mortars after 60 min.

After 60 min of preparation, the samples showed curvature with similar behavior for
mortars with CPII-E. There was a greater displacement for samples CPII00 and CPII10;
however, the variation was not significant. Mortars with gypsum additions showed lower
flow in 60 min; this reduction occurs due to the gypsum hydration process using part of
the water contained in the mortar, reducing its workability.

In general, the curves showed typical behavior, where region I is small and can be
disregarded, in all traces, compared to region II. Region III is characterized by a significant
increase in load, favoring the continuity of displacement, observed in all traces studied.
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o Isothermal calorimetry

The samples were subjected to the calorimetry test, following the guidelines of [35].
The released and accumulated heat flux curves were plotted as a function of time during
48 h of monitoring. Figures 11-13 show the results obtained for the CPII-E samples.

4.00
350

5 3.00
=
= 250
2 7 —— CPII 00
200 | /7 N

..; CPIl 03
1.50 \ CPIlI 06
100 || ¥, N CPIl 10

Released he

0.50 T

0.00
0 10 20 30 40

Time (h)

Figure 11. Released heat flux curves as a function of time over a period of 48 h, in CP II-E samples.
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Figure 12. Released heat flux curves as a function of time, up to 3 h, in CP II-E samples.
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Figure 13. Accumulated heat flux curves as a function of time, in CP II-E samples.

In the curves shown in Figures 11 and 12, it is possible to observe that in stage I the
mixes with additions of byproduct gypsum, CPII03, CP1106 and CPII10, released 2.2 w/g,
2.4 w/gand 3.5 w/g, respectively: higher heat release than the reference trace Figure 11.
This occurs because there is an increase in CaSOy as the byproduct is added. In the
dormancy period (stage II), the values of heat released are similar for CPII00 and CPII03, as
well as CPII06 and CPII10. Furthermore, in the enlarged version of Figure 12 it appears that
the addition of gypsum increased the induction period; the same happened in the research
by [36] who analyzed mixtures of C3S (alite) and gypsum. In stage III, all traces presented
values close to heat release in the second exothermic peak. However, this peak occurred
at different times, in CPII00 it was in 8 h, CPII03 in 9 h and both CPII06 and CPII10 in
10 h; that is, the greater the amount of byproduct gypsum present, the longer it took for
the second peak to occur, but this did not affect the amount of heat release. In the next
stages, the mortars enter the hydration stage, whose reactivity is low, but there is a gain in
resistance [37].

The accumulated heat curves, presented in Figure 13, indicate that the studied traces
obtained the same behavior, with little variation in the values achieved. In the initial
hours, it is observed that the samples with a greater amount of byproduct gypsum have
greater accumulated heat; this is due to the fact that both the cement and the byproduct
are hydrating, since the byproduct gypsum only has a crystalline phase (CaSO4-0.5H;0)
found in DRx Figure 3. After this period, the CPII00 and CPII03 mixes showed greater
accumulated heat, around 180 J/g and 177 J/g, respectively, while the mixtures with
a greater amount of byproduct had a small drop in accumulated heat, approximately
170 J/g. This shows that the amount of byproduct gypsum may be causing a reduction in
heat release.

3.3. Test Results in the Hardened State

For the following tests, prismatic test bodies with dimensions 4 x 4 x 16 cm were
molded, in accordance with the procedures of [7], using the mixing proportion shown in
Table 4. After 48 h, specimens were demolded and subsequently cured until 28 days of age
at an ambient temperature of 21 °C and relative humidity of 78%.

o  Flexural mechanical strength

The tensile strength test was carried out after 28 days, in accordance with [11], shown
in Figure 14.
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Figure 14. Flexural mechanical strength.

The mix that presented the greatest resistance was CPII00 with 1.87 MPa. Therefore,
all mixes with byproduct gypsum additions showed a reduction in their tensile strength;
the greater the addition of byproduct gypsum, the lower the mechanical resistance. This be-
havior can be justified by the greater porosity caused by the addition of byproduct gypsum,
observed mainly in samples with higher gypsum additions (10%) [16]. Furthermore, as
previously shown, mortars with the addition of gypsum had a high content of incorporated
air, which may contribute to a reduction in resistance.

e  Compressive mechanical strength

The compressive strength test was carried out on the samples after 28 days, in accor-
dance with [11]. The results are presented in Figure 15.

6.00
=
2
s 5.00 427
w 3.90
w©

4.00
g 3.02 302
SF
© 3.00
==
2 200
o
(=
g‘ 1.00
=]
(&)

0.00

CPII 00 CPII03 CPII06 CPIM0

Mixtures

Figure 15. Compressive mechanical strength.

Among the mixes with gypsum additions, the highest value obtained for compressive
strength was the CPII03 mix with 3.90 MPa. The lowest value obtained was for the mix
with the highest addition of byproduct gypsum, CPII10 with 3.02 MPa. According to the
results obtained for the flexural tensile strength test, the addition of byproduct gypsum
also caused a reduction in mechanical strength.



Sustainability 2024, 16, 1193

14 of 19

The drop in compressive strength of mortars with gypsum additions is notable com-
pared to reference mortars, for mortars prepared with Portland CPII cement. This behavior
results from the overlapping and little intertwining of the gypsum crystals, verified in the
SEM (Figure 5), which causes low adhesion between them and consequently promotes a de-
crease in the mechanical properties of the material. The reduction in compressive strength
is also observed for mortars with higher levels of gypsum addition, being 3.90 MPa for
CPII03 and 3.02 for CPII06 and CPII10.

Other authors analyzed the effect of aggregates with high gypsum content in Portland
cement mortars and also found that the compressive strength of conventional mortar was
lower with higher gypsum contents in natural sand at all ages due to the internal sulfate
attack induced by the composition [38].

e  Capillary absorption

Figure 16 shows the results of the capillary absorption test.
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Figure 16. Capillary absorption results.

The best results were attributed to the mix with higher gypsum addition, CPII10 with
1.77 g/cm?. Traces with higher byproduct gypsum additions showed greater absorption,
as the increase in byproduct gypsum generated greater porosity.

Ref. [16] evaluated the effect of adding water to gypsum powder 3 (CaSOy4-0.5H;0)
and found high porosity resulting from the material, due to the remaining water from the
gypsum powder hydration process. Since the gypsum hydration process results from the
chemical reaction between the hemihydrate and water, generating the dihydrate again,
the reverse reaction of the formation of gypsum in gypsum releases heat, as shown in
Equation (1).

CaSO4-0.5H,0(hemihydrate) + 1.5H,O — CaSO4-2H,O(dihydrate)+ 1 energy (1)

The resulting porosity is due to the use of an amount of water greater than the
stoichiometric value for hydration of the hemihydrate, with the water that does not react
with the powder occupying the volume between the crystals and, after curing the dihydrate,
this water evaporates leaving voids in the material. The presence of these voids in the
samples causes a drop in mechanical resistance, as verified in the tensile strength tests in
flexion and axial compression, where samples with a higher content of gypsum addition
showed lower resistance.

3.4. Microstructural Characterization of Samples after 60 Days
e  Scanning electron microscopy (SEM)
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Figure 17 shows the micrographs obtained via SEM for the mortars that showed the
best results, CPII00 and CPII03, after 60 days, with magnification of 400x and 1000x.
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Figure 17. Micrographs of the mortar sample CPII00-400 x (a), CPII00-1000x (b), CPII03-400 % (c) and
CPII03-1000x (d) after 60 days.

In the micrograph obtained for the reference sample CPII00, it is possible to verify
greater surface roughness and the presence of pores. However, the samples with the
addition of byproduct gypsum presented smoother surfaces, due to the filler effect.

The presence of hydration products, such as Ettringite crystals, C-S-H (hydrated
calcium silicate) and Portlandite, is evident in the CPII samples. The late formation of
these crystals implies a continuous increase in resistance at more advanced ages, since the
micrographs were obtained after 60 days.

The CPIIO3 trait had fewer pores, in accordance with the performance observed in the
capillary absorption test (Figure 17).

e  X-ray diffraction

Figure 18 shows the peaks identified in mortar samples with CPII-E Cement. The
hydrated compounds identified in DRx in these mortars after 60 days were portlandite,
calcite and quartz.

The identification of the peaks corresponding to calcite comes from the limestone filler
that makes up the anhydrous cement, and there is also quartz, a crystalline constituent
present in the sand. The identification of both constituents is in agreement with the results
of the FRx analysis.

The identification of portlandite in all pastes indicates the presence of calcium hydrox-
ide, which is essential for determining the reactivity of mineral additions. Therefore, the
results of the XRF analysis are coherent, since the presence of calcium oxide was detected
in the composition of the byproduct gypsum and the CPII-E cement [39].

The halo identified in the diffractogram of the CPII-E samples, shown in Figure 18,
between 18° and 36° 26, is characteristic of C-S-H, which does not present a well-defined
crystalline structure, having characteristic peaks together with an elevation in relation to
the line base in the region between 18° and 36° 20 [40,41].
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Figure 18. Diffractography of CPII-E samples after greater ages (60 days). Caption: (Q) Quartz;
(C) Calcite and (P) Portlandite.

4. Conclusions

Gypsum from the production of lactic acid has a morphology with lamellar crystals,
with a smooth and irregular surface. It is composed of the following elements: Ca, S and
O. The X-ray diffractogram of the gypsum powder shows that the sample is essentially
composed of hemihydrate, as the characteristic peaks of bassanite (3-CaSO4-0.5H,0).

Regarding the chemical composition of the byproduct gypsum, a low content of SiO,
Al,O3 and Fe;O3 was observed, totaling less than 2%, indicating the absence of pozzolanic
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activity. In the consistency test, it was possible to maintain the same W/C ratio even for
mortars with gypsum additions; however, mortars with higher gypsum contents showed
greater spreading, indicating greater workability.

The properties in the fresh state, the density values, showed significant reductions
with the use of the byproduct gypsum. The incorporated air content values were higher
for mortars with gypsum additions due to the use of a quantity of water greater than
the stoichiometric value for the hydration of the gypsum hemihydrate and due to the
maximum content (10%) of byproduct gypsum addition being insufficient to fill the voids
in the material, promoting a reduction in the entrained air content.

In relation to the tensile strength test, the mixes with higher gypsum contents showed
lower tensile strength, which was expected since they showed greater workability, a higher
content of incorporated air and consequently lower resistance. In the capillarity coefficient,
water absorption via capillarity at 90 min showed that, as the amount of ceramic waste
increased, water consumption increased, indicating that large percentages of byproduct
gypsum causes the loss of the gypsums filler function and consequently the mix has more
pores and tends to absorb greater water.

In relation to the tensile strength test, it was observed that the mixes with higher
gypsum contents showed lower tensile strength, which was already expected as they
presented greater workability, a higher content of incorporated air and consequently lower
resistance. The SEM micrographs confirmed these results, indicating that the reference
mortars have more porous surfaces than the traces with the addition of plaster, with porosity
being a factor that influences the mechanical resistance of mortars in a hardened state.

The micrographs of the CPII-E samples showed hydration products, such as crystals of
Ettringite, C-S-H (hydrated calcium silicate) and Portlandite, demonstrating the formation
of late crystals, suggesting a continuous increase in resistance at more advanced ages.

In the DRx results, it was possible to identify peaks corresponding to calcite, coming
from the limestone filler that makes up anhydrous cement, and quartz, a crystalline con-
stituent present in sand. The identification of both constituents is in agreement with the
results of the FRx analysis. Given the consumption of Portlandite as the gypsum addition
content increases, due to the particle size of the byproduct gypsum being finer (2.36 pm
in D10) and favoring the heterogeneous nucleation of small particles, the formation of
portlandite in the cement matrix is consequently reduced.

5. Suggestions for Future Work

e  Evaluate the resistance of mortars with additions of byproduct gypsum for ages greater
than 28 days;

e  Evaluate the combined incorporation with other pozzolanic residues, together with
the byproduct gypsum;
Evaluate mortars with higher levels of gypsum addition;
Check the feasibility of using lime in mortars with gypsum additions;
Test the viability of plaster mortar for coverings.
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