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Abstract: The construction industry is recognized for its high consumption of natural resources,
resulting in significant environmental impacts. Given this reality, it is essential to seek new methods
and solutions that minimize the impact of this activity on the environment. An innovative approach
consists of using pigments derived from acid mine drainage (AMD) as a sustainable alternative
in the production of mortar for decorative façade cladding. In this context, the main objective of
this paper was to evaluate the physical/mechanical properties of decorative mortars developed
by partially replacing natural sand with pigment from acid mine drainage. Initially, the pigment
(yellow) was produced, characterized, and compared with a commercial pigment. Sequentially,
decorative mortars were developed with different pigment concentrations (0%, 2%, 4%, and 6%). The
mortars were subjected to compressive strength, flexural tensile strength, shrinkage, loss of mass,
and colorimetry tests. The results showed that compressive strength, flexural tensile strength, weight
loss, and dimensional variation were significantly affected by the partial addition of pigment to
replace natural aggregate. In other words, there was a decrease in strength and an increase in mass
loss and expansion of the mortars. However, the main factor influencing these variables was the
greater amount of water added in the higher substitution cases. The addition of water was necessary
to keep the consistency constant. A possible solution to maintain the same amount of water and
avoid negative effects on the mortar properties would be to use additives in the mortar formulation
in future work. Therefore, this research contributes to the search for more sustainable solutions in
civil construction, exploring the use of pigments from AMD as a viable alternative to reduce the
environmental impacts associated with this industry.

Keywords: decorative coating mortar; iron oxide pigment; acid mine drainage

1. Introduction

The generation of coal tailings is a significant environmental concern due to the
negative impacts it has on the environment. One of the main problems associated with
this practice is the formation of acid mine drainage, a phenomenon resulting from the
exposure of sulphide minerals present in coal to water and air. This process triggers the
release of acids and heavy metals, making groundwater and surface water highly acidic
and contaminated. Acid mine drainage poses a serious threat to water quality, aquatic
ecosystems, and wildlife, requiring stringent mitigation measures and sustainable solutions
to minimize its harmful effects on the environment [1–3].

In Brazil, coal reserves are located in the South Region, in the states of Paraná, Rio
Grande do Sul, and Santa Catarina, accounting for 4%, 29%, and 67% of production,
respectively [4]. Despite being one of the main sources of energy, coal mining generates
a considerable amount of waste, which has led to reflections on the sustainability of its
processes. In the Santa Catarina coal region, for example, around 65% of the material
extracted from underground is discarded as tailings [5]. This reality has driven the search
for alternatives that promote more sustainable use of the waste generated by coal mining.
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Coal tailings contain approximately 10% pyrite [5,6]. When this sulphide comes into
contact with oxygen and rainwater, it undergoes an oxidation process, resulting in a highly
acidic effluent with a large amount of dissolved metals known as acid mine drainage
(AMD). The AMD generated by pyrite leaching requires treatment, in which the metals
are precipitated in the form of metal oxides, separated from the aqueous phase, and safely
disposed of in the environment, which entails high treatment and final disposal costs [7,8].

One form of reuse is the production of pigment through the appropriate treatment of
acid mine drainage, which can be carried out in the following steps: collection of acid mine
drainage, neutralization of acid, precipitation of metals, oxidation of sulphides, formation
of yellow pigment, filtering, and grinding [9,10].

Several examples of the use of acid mine drainage in pigments can be found in the
literature [11–14]. In Hedin’s work [15], a significant amount of sludge containing acid
mine drainage (around 2000 tons) was used to generate pigments, specifically burnt sienna.
The latter was used to develop different colorations of other pigments. In a study by Ryan
et al. [16], iron oxide pigments of various colors and properties were recovered from a
synthetic AMD solution by means of a selective precipitation process using oxidation, pH
adjustment, and filtration. The factor that exerted the greatest influence on the coloration of
the iron oxide pigments was the pH during the recovery process. In particular, the pigments
obtained at a lower pH (pH < 3) exhibited a distinct yellow color. Marcello et al. [17] used
sedimented-treated sludge from coal mine drainage to obtain inorganic pigments, which
were later evaluated in the manufacture of ceramic tiles. In this study, the predominant
color of the pigments produced was brown.

This type of pigment, obtained by leaching pyrite, has already been tested in the
pigmentation of ceramic materials, showing promising results [6]. Another possible ap-
plication is the use of this pigment in decorative mortars, which may represent a viable
alternative to expand the range of applications for this material and, consequently, offer a
solution to the environmental problem caused by acid mine drainage [18,19].

Colored pigment mortar is a building material that incorporates mineral or synthetic
pigments to add color to the cement or mortar matrix [20]. This pigmentation process
is carried out with the aim of achieving and specifically controlling the desired shade in
the final mix. In addition to its aesthetic function, the addition of pigments to mortar can
influence its physical and chemical properties, such as abrasion resistance, durability, and
weather resistance [21,22]. This type of mortar is often used in decorative applications,
cladding, flooring, and in other contexts where aesthetics play a fundamental role in
architectural design [23,24].

In this way, the transformation of waste from coal mining into products or by products
for the development of construction materials represents an innovative and sustainable
approach to dealing with the environmental and economic challenges associated with
the construction industry. In this context, waste that was previously disposed of in an
environmentally damaging way is being intelligently reused and recycled to create high
quality materials. This approach not only reduces waste and the demand for limited natural
resources, but can also contribute to reducing carbon emissions [25–27].

This work presents innovations in the development of decorative mortar, highlighted
by the origin of pigments from acid mine drainage, a source of polluting waste. In addition,
the use of pigments obtained from acid drainage generated by controlled leaching in pyrite,
a by product of coal mining, makes production more sustainable and contributes to the
responsible management of mining waste. The transformation of coal mining waste, such
as pyrite, into valuable pigments exemplifies a circular economy approach, reinforcing
the commitment to sustainability and the reduction of industrial waste in the construction
industry. Controlled pyrite leaching produces a ferrous sulfate solution with reduced
concentrations of contaminants, such as aluminum, chromium, zinc, and copper, which
are present in tailings ponds or deposits. In this controlled leaching process, the pyrite is
purified over several successive leaching stages [9,28].
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In this context, the main aim of this work was to evaluate the physical and mechanical
properties of decorative mortars developed with the addition of pigments generated from
acid mine drainage. Decorative mortars with the addition of industrial pigments were also
developed for comparison purposes.

2. Materials and Methods

The methodology adopted in this study was divided into three distinct stages. In the
first stage, acid mine drainage was generated, and the pigment to be incorporated into
decorative mortars was developed. In this phase, the pigment extraction and treatment
processes were carried out on acid mine drainage in order to obtain a material suitable
for application in coatings. In the second stage, the essential materials for the mortars
were characterized, such as sand, cement, and the pigment itself. Tests and analyses were
carried out to assess the physical and chemical properties of each component in order
to guarantee the quality and compatibility of the materials used. Finally, the third stage
involved making the decorative mortars in which the pigment obtained was incorporated in
different proportions, and then the samples were subjected to a series of tests to characterize
their physical and mechanical properties. Figure 1 provides a schematic illustration of the
three methodological stages described, giving a brief description of each one.
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Figure 1. Main pigment production stages: (a) AMD production device, (b) AMD filtration, (c) pH
adjustment with sodium carbonate, (d) decantation, (e) sludge filtration, (f) heating in an oven, and
(g) pigment after grinding.

2.1. Production of AMD and Pigment

The pigment based on iron oxide is obtained from AMD, which is a fluid characterized
by its excessive acidity (pH < 4.0) and high dissolved iron content, as well as containing
sulphate and other metals in lower concentration. To produce the pigment, AMD was used
as a precursor and prepared by means of controlled leaching on an increased scale. The
experiment was carried out according to the work of [19] using a benchtop device shown
in Figure 1a. The method consisted of the percolation and recirculation of water over a
PVC column 180 mm in diameter and 1 m high, filled with 10 kg of pyrite concentrate with
granulometry between 2 and 10 mm in diameter.

The concentrate containing pyrite was collected from a coal mining company located
in the state of Santa Catarina, in the coal seam known as Barro Branco, the same geological
formation described by [28]. This concentrate contained 62% pyrite (FeS2), which is suscep-
tible to oxidation to generate AMD. The leachate storage system consisted of a reservoir
with a capacity of 240 L, and circulation was carried out by a recirculation pump. The
experiment lasted 8 weeks, with a nominal recirculation flow rate of 1.2 L/min. During this
period, the column was partially filled with water, allowing oxygen to enter the system.
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After preparing the AMD, the iron oxide-based pigment was prepared, following the
method of Cornell and Schwertmann [29–31] based on the studies of [9,32,33]. The AMD
was filtered (Figure 1b), resulting in a concentration of approximately 1.74 g/L of iron in a
total of 138 L. The sample was divided into four parts, and the pH was adjusted (Figure 1c)
to 3.6 ± 0.1 using sodium carbonate (NaCO3) at a concentration of 50%, promoting the
precipitation of iron with high purity in the form of ferric hydroxide, with an iron recovery
of around 80% [9]. After multiple washes, the iron hydroxide precipitate was decanted
(Figure 1d), filtered (Figure 1e) and dissolved in nitric acid. Precipitation of the ferric nitrate
solution occurred with the addition of KOH, giving rise to ferrihydrite. The precipitate was
then dissolved in water, forming ferric ion species (Fe(OH)−4 ), and heated at 70 ◦C for 60 h
(Figure 1f), resulting in the formation of goethite crystalline powder (Figure 1g).

After the reaction period, the samples were filtered, dried, ground, and then character-
ized for use in decorative mortar. A total of 337.40 g of pigment was obtained from 138 L
of AMD. In addition to the pigment produced from AMD, an industrial goethite pigment
supplied by Lanxess® was used for colorimetry comparison.

The use of nitric acid to dissolve the iron hydroxide precipitate was selected in order
to obtain better quality goethite. In other words, goethite can be produced in two ways:
one involves the use of ferrous sulphate, but this method is complicated and results in
a product with low crystallinity. The other approach uses ferric nitrate, which makes it
possible to obtain goethite with greater crystallinity and higher quality.

2.2. Pigment Characterization

The pigments were characterized in terms of various fundamental aspects, including
analysis of their morphology, chemical composition, mineralogical composition, unit mass,
specific mass, and colorimetry.

The morphology of the pigments was evaluated using scanning electron microscopy
(SEM) using a Hitachi TM3000 TableTop Microscope, Hitachi High-Technologies Corpora-
tion, Tokyo, Japan.

The chemical compositions of the AMD pigment and the industrial pigment were
analyzed in the LC SATC solid fuels laboratory. A Shimadzu model EDX-7000 energy
dispersive X-ray fluorescence (EDXRF) spectrometer, Shimadzu Manufacturing Company,
Kyoto, Japan, was used for this analysis.

To identify the crystalline phases using the X-ray diffraction (XRD) technique, a
Shimadzu XRD 6100 diffractometer, Shimadzu Manufacturing Company, Kyoto, Japan,
was used with CuKa radiation (λ = 1.5418 Å), operating at 40 kV and 30 mA. Data collection
was carried out with a step interval of 0.02◦ and a step duration of 0.6 s, covering the
range of 2θ angles from 0 to 80◦. The information collected was identified using the
HighScore Plus software (Version 3.0.5), which is used to index ICDD (International Center
for Diffraction Data) standards.

The colors of the pigment samples, obtained from AMD (AMD-Pi) and industrial
(IND-Pi), were characterized using differential colorimetry (∆Lab), using the colorimetric
parameters “L”, “a”, and “b”. The sample tablets were made from 2 g of the material,
compacted at a pressure of 74 N/cm2. The color evaluation was conducted using a Minolta
2600d spectrophotometer, Konica Minolta Inc., Tokyo, Japan, at the Mineral Processing
Laboratory (LAPROM) of the Federal University of Rio Grande do Sul in Brazil.

2.3. Production of Decorative Coating Mortar

According to the literature, the most suitable ratio for coating mortars is 1:1:6 [34].
However, we opted for a higher proportion of lime, i.e., 1:2:6 (binder:lime:fine aggregate).
This choice resulted in a lighter mortar, which allowed for better pigmentation over the
gray color of the cement.

The binder used to produce the mortar was Portland cement with added pozzolan
(CP II-Z 32). This type of cement was chosen due to its frequent use in laying and coating
mortars. This cement has a particle size of less than 41 µm and a composition containing
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6% to 15% pozzolan. The chemical and physical characteristics of this cement are detailed
in Table 1.

Table 1. CP II-Z 32 Portland cement characteristics.

Cement type

Physical Properties

Setting time
Blaine
cm2/g

#200
%

#325
%

HE 1

Mm
D 2

g/cm3

Compressive strength (average)

Initial
min

Last
min

3 days
MPa

7 days
MPa

28
days
MPa

CP II-Z 32 201 240 3.743 1.42 6.75 0.25 2.92 26.5 ± 0.6 32.7
± 1.2

41.6
± 0.3

Cement type
Chemical Properties (wt.%)

Al2O3 SiO2 Fe2O3 CaO MgO SO3 LOI 3 Free CaO I.R. 4 A.E. 5

CP II-Z 32 6.77 22.59 3.10 53.20 3.94 2.77 5.01 0.80 12.31 0.80

1 HE—Hot expansion; 2 D—Density; 3 LOI—Loss on ignition; 4 I.R.—Insoluble Residue; 5 A.E.—Alkaline
Equivalent.

The lime used in this experimental research is CH-II with CaO = 41.54% and
MgO = 28.77%. The Brazilian Standards do not classify lime as calcium or dolomitic. It is
classified as CH-I, CH-II, or CH-III. There is no mention if it is dolomitic or not. According
to BS EN 459–1 [35], there is a clear difference between calcium lime and dolomitic lime.
The standard establishes a maximum MgO content of 5% in calcium lime and two mini-
mum content of MgO to dolomitic lime (>5% or ≥30%). In this work, it was decided to
maintain the Brazilian Standard to classify the lime. Table 2 shows the characteristics of
type CH-II lime.

Table 2. CH-II hydrated lime characteristics.

Properties Composition (wt.%)

Chemical
CaO SiO2 K2O Fe2O3 Al2O3 MgO Others LOI
41.54 0.75 0.10 0.57 0.35 28.77 2.58 25.34

Physical

Fineness (%) #28 0.47
#200 14.88

Water retention (%) 75.00
Bulk density (g/cm3) 2.640

Plasticity (%) 114.50

LOI—Loss on ignition.

The fine aggregate used was quartz river sand passing the 4.75 mm sieve. Table 3
shows the characteristics of the fine aggregate.

Table 3. Granulometry and properties of sand.

Sand Granulometry
Sieve Size (mm)

9.5 6.3 4.75 2.36 1.18 0.6 0.3 0.15 Botton

% weight retained 0 0 0 0 0.91 0.19 13.97 75.30 0.33
% cumulative weight retained 0 0 0 0 0.91 1.09 15.07 90.37 100

Physical properties of the sand

Fineness Modulus 1.07
Bulk mass (g/cm3) 1.48

Specific gravity (g/cm3) 2.51

The mortars were prepared with different pigment contents replacing the sand, namely:
0% (as a reference), 2%, 4%, and 6%. These proportions are in line with the study [36],
which states that the maximum recommended pigment content is 6%. This is because
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exceeding this value can have an impact on the workability of the material. Table 4 shows
the quantities of materials used in each mortar composition.

Table 4. Quantity of material for each decorative mortar mix.

% Replacement Cement (g) Lime (g) Sand (g) Pigment (g) Water (g)

0% (reference) 330 660 2000 0 620
2% 330 660 1960 40 660
4% 330 660 1920 80 770
6% 330 660 1880 120 800

The dosage, preparation, and manufacture of the specimens followed a standardized
procedure. Initially, the materials were weighed in the recommended quantities, separated,
and then mixed using a mechanical mortar. To ensure effective homogenization, the dry
materials were mixed before adding the water. Figure 2 shows the mixing sequence and
the resulting specimens.
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The amount of water in the mix was varied to keep the consistency of the mortar
constant, i.e., a consistency of 260 ± 10 mm was accepted. The cone trunk test was carried
out on the mortar to ensure consistency, which followed the guidelines of NBR 13276 [37].

The specimens were molded with dimensions of 40× 40 × 160 mm and 50 × 50 × 10 mm
and demolded after 24 h. After demolding, they were kept at room temperature in the open
air, simulating real curing conditions for 28 days. Three specimens were produced for each
test to ensure repeatability of the results.

2.4. Mortar Characterization

The specimens were characterized in terms of flexural tensile strength, compressive
strength, dimensional variation, loss of mass, and colorimetry.

The compressive strength and flexural tensile strength tests were carried out by molding
specimens for each composition and type of pigment, with dimensions of 40 × 40 × 160 mm.
These specimens were manually compacted and subjected to rupture after 28 days of curing,
following the guidelines established by standard NBR 13279 [38]. Compressive strength was
assessed using an EMIC model PC 100 C hydraulic press (EMIC-PC100C, Instron, Norwood,
MA, USA). For the flexural tensile strength test, the Instron EMIC EL 2000 universal testing
machine was used.

For the dimensional variation test, three specimens were made for each composition,
each with dimensions of 40 × 40 × 160 mm. The dimensions were measured at 7, 14,
and 28 days of age, using high-precision digital equipment, with a margin of error of just
0.001 mm, strictly following the specifications established by the NBR 15261 standard [39].
Also, for the same curing times as the dimensional variation assessment, the masses of each
specimen were determined in order to assess the loss of mass of the specimens.
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The loss of mass was evaluated because it may explain the behavior of the mortar in
relation to shrinkage due to the reduction in hydration water. The main factor responsible
for this loss of water is the phenomenon of shrinkage. In addition, the composition of the
pigment can lead to different reactions when it interacts with sulfate and other salts, such
as sodium and sulfate.

For the colorimetry tests, 55 readings were taken on 11 specimens, which were specially
made for the color test. These specimens had dimensions of 50 × 50 × 10 mm and were
evaluated after 28 days of curing. Measurements were taken at each end of the sample, as
well as at its center. It is important to note that the distribution of the pigment in the mass
was uniform, thanks to the process of mixing the pigment with the fine aggregate before
adding the mixing water. Differences in shade were detected with a ∆E*Lab value above
0.2–0.5 (according to [40]). The same equipment used to characterize the pigments was
used to characterize the mortars.

3. Results and Discussion
3.1. Characteristics of the Pigment Produced

The pigments were subjected to granulometric characterization using a laser system.
This analysis revealed that the pigment obtained from AMD (AMD-Pi) has 10% particles
with diameters of less than 0.75 µm (D10), a median particle diameter (D50) of 2.81 µm,
and 10% particles with diameters of more than 11.09 µm (D90). In the case of the industrial
pigment (IND-PI), the D10, D50, and D90 values were 2.63 µm, 84.72 µm, and 214.78 µm,
respectively. These results are in line with previous study [41]. Figure 3 shows the particle
size curves corresponding to the different pigments.
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Figure 3. Particle size distribution for the pigment extracted from AMD (AMD-Pi) and the industrial
pigment (IND-Pi).

This difference in particle size between pigments can have a considerable impact on
the production of decorative mortars, affecting their workability, resistance, texture and
final appearance. Very fine particles can make the mortar more fluid, while coarser particles
can make it rough and difficult to handle. Inadequate distribution of particle sizes can
result in voids, compromising strength. In addition, particle size influences the texture of
the surface and the uniformity of the pigment dispersion, affecting the final appearance.

For morphological comparison purposes, images were taken using a scanning electron
microscope at 5000× magnification. The images show that both samples are composed
of acicular crystals. However, in the commercial sample (IND-Pi), seen in Figure 4a, the
crystals are more dispersed and have a better defined shape, whereas in the sample obtained
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from AMD (AMDP-Pi—Figure 4b), the crystals are more “compact” and their shape is not
so clearly delineated. The discrepancy in the aspects of the crystals may be related to the
crystallization process, the drying process, and/or the comminution stages. These results
are in line with the work carried out by Silva [41].
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Figure 4. Scanning electron microscopy for (a) the industrial pigment (IND-Pi) and (b) the pigment
obtained from AMD.

X-ray fluorescence was carried out on the solids from acid mine drainage (AMD), the
precursor to the pigment, as well as on samples of the industrial pigment (IND-Pi) and the
pigment obtained from AMD (AMD-Pi). The purpose of the chemical composition analysis
was to quantify the presence of iron, a constituent element of the pigment. In addition, we
sought to identify other elements considered to be contaminants, which could modify or
even prevent conversion into pigment [9]. These elements include Al, Zn, Mn, Ca, Cu, Ni,
Cd, and Pb, which are listed in Table 5.

Table 5. Chemical composition of pigments (IND-Pi, AMD-Pi, and AMD).

Pigment Type
Chemical Composition (wt.%)

F2O3 Na2O K2O SO3 As2O3 SiO2 CaO MnO ZnO PbO CuO Others

IND-Pi 98.2 -- -- 1.3 -- 0.3 0.06 0.12 -- -- 0.02 --
AMD-Pi 91.2 -- 7.3 0.3 0.5 0.2 -- -- 0.1 0.1 -- 0.3

Raw AMD 93.0 3.7 -- 0.4 -- 1.1 1.1 0.08 0.5 -- 0.04 0.08

After analysis, it was found that the contaminating/unwanted metals were present in
quantities of less than 1% in both samples, when compared to the raw AMD. The process
of iron recovery by selective precipitation (pH 3.6 ± 0.1) indicates that the contaminating
metals may remain in the supernatant, since their levels decreased in relation to the pigment
and AMD values. It is important to recognize the inherent uncertainty associated with
X-ray fluorescence (XRF) analyses for trace elements (Pb, Zn and Cu), as highlighted in
the study. This uncertainty factor significantly affects any conclusions drawn regarding
differences in analysis between the pigments.

The difference in chemical composition between raw AMD and AMD-Pi is determined
by the precipitation diagram as a function of pH found at EPA 625/8-80-003 [42]. It can be
seen that practically all the metals in solution are retained, with the exception of iron III.
The K2O content is explained by the addition of this reagent to convert ferric nitrate into
goethite, in accordance with Cornell and Schwertmann’s second method [29].

One observation that should be made is the absence of aluminum oxide in the XRF
analysis. Aluminum was analyzed, but not detected in the samples, due to the acid mine
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drainage used in the formation of goethite. This drainage was produced by controlled
leaching of beneficiated pyrite, which significantly reduced the possibility of aluminum
contamination. Furthermore, goethite is an iron mineral (FeOOH) and therefore its chemical
composition is dominated by iron and oxygen, with the presence of hydroxyls. Aluminum
oxide is not a common component of goethite, and its concentration in this mineral is
generally very low.

After this analysis, it was found that the amount of iron (%) recovered from AMD
was 86.5%, a result 10% higher than that obtained in the studies by [6], which indicated a
recovery of around 70% for the production of the pigment. To compare the iron content
between the pigments, the amount was determined based on the stoichiometric ratios. The
industrial pigment had a iron content of 68.7%, while the AMD goethite sample had a iron
content of 63.8%.

According to [41], the stoichiometric percentage of iron in the composition of the
Goethite pigment (FeOOH) is 62.85% of iron content. A small but significant difference was
therefore identified in relation to the pigment obtained by AMD. These results suggest that
the pigment obtained from AMD was achieved, since the difference of iron are around 1.5%.

Based on the X-ray diffraction analysis carried out on the industrial pigment (IND-Pi)
and AMD pigment (AMD-Pi) samples (Figure 5), goethite (FeOOH) was found in both
pigments. For the AMD-Pi pigment, it was also possible to observe the presence of jarosite,
which is a potassium iron sulphate mineral that can have yellow tones and is commonly
found in acidic environments associated with the oxidation of iron sulphide minerals. It
should be noted that the peak indicated as 1 could not be identified with the appropriate
degree of certainty, since the diffractogram lines did not coincide with the standards
available in the analysis system. However, it can be said that it is a compound derived from
arsenic, with a lesser degree of importance, based on the chemical quantification carried
out by XRF.
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The IND-Pi and AMD-Pi samples, both in powder form, were analyzed by differential
colorimetry. The values of the colorimetric criteria of the ICES-Lab* system are shown in
Table 6, where L* shows the values from black to white (0% = black and 100% = white); a*
shows the colors green to red (a “negative” = green and a “positive” = red); and b* shows
the colors blue to yellow (b “negative” = blue and b “positive” = yellow). Based on these
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values, the color differences (∆E*Lab) between the two samples were calculated, with the
IND-Pi sample as the reference.

Table 6. Colorimetric parameters for AMD-Pi and IND-Pi pigments.

Pigment Type L* a* b* ∆EL*a*b*

AMD-Pi 61.11 16.73 30.71 15.38
IND-Pi 50.43 14.87 41.63 0.00

It was observed that the AMD-Pi sample had a darker color (lower L* value), with
more reddish tones (higher a* value) and less yellowish tones (lower b* value) when
compared to the industrial pigment. This is the ochre shade that corresponds to the natural
color of goethite contaminated by jarosite, suggesting that its formation may have been
triggered by the same reaction in the system, in the presence of potassium salts [16]. When
potassium comes into contact with jarosite, it can replace part of the iron ions (Fe3+) present
in the jarosite structure, resulting in a series of chemical changes. Potassium tends to form
complexes with iron ions, which can cause the reduction of iron ions from Fe3+ to Fe2+.
This results in a change in the color of the jarosite, which can turn from yellow or red to a
darker color, such as brown.

In the present work, the value found for ∆EL*a*b* was 15.38, while in the study by [41],
the value was 15.47, which is very close. These results fall within the classification, accord-
ing to the criteria of DIN 6174 [40], as “very large”, i.e., greater than six. This indicates that
the color difference is significant when comparing the two types of pigment.

Figure 6 is a comparison between the reflectance curves of IND-Pi and AMD-Pi. It can
be seen that the IND-Pi pigment has a higher reflectance than the AMD-Pi pigment and the
curves have the same behavior, i.e., the peaks are in the same wavelength range, indicating
the formation of yellow color in the pigments. However, there is a difference in the shade
of yellow between the pigments, i.e., the IND-Pi pigment is apparently brighter than the
AMD-Pi pigment (Figure 3).

Mining 2023, 3, FOR PEER REVIEW  11 
 

 

indicating the formation of yellow color in the pigments. However, there is a difference in 

the shade of yellow between the pigments, i.e., the IND-Pi pigment is apparently brighter 

than the AMD-Pi pigment (Figure 3). 

 

Figure 6. Percentage reflectance curves for AMD-Pi and IND-Pi. 

3.2. Decorative Coating Mortars 

3.2.1. Mechanical Resistance 

Figure 7 shows the graphs representing the compressive strength and flexural tensile 

strength as a  function of  the different pigment percentages, as  illustrated  in Figure 7a 

AMD-Pi and Figure 7b IND-Pi. In the case of both AMD-Pi and IND-Pi, as the amount of 

pigment substituted for natural sand increases, the strengths decrease for substitution val-

ues above 4%. With a 2% substitution, AMD-Pi has slightly higher strength values (com-

pression and traction) than the reference mortar. In the case of IND-Pi, a 2% substitution 

results  in  a  slight  increase  in  tensile  strength  and  a  small  reduction  in  compressive 

strength compared to the reference mortar. These differences were significant, as corrob-

orated by Tukey’s statistical test.   

 

Figure 7. Compressive strength and flexural tensile strength for different replacement for (a) AMD-

Pi and (b) IND-Pi. 

The reduction in mechanical strength in relation to the increase in pigment may be 

related  to  the water/binder  ratio, which  increased as  the percentage of substitution  in-

creased. This increase in the amount of water was necessary to keep the consistency con-

stant. Another factor that could contribute to a reduction in strength is the replacement of 

Figure 6. Percentage reflectance curves for AMD-Pi and IND-Pi.

3.2. Decorative Coating Mortars
3.2.1. Mechanical Resistance

Figure 7 shows the graphs representing the compressive strength and flexural tensile
strength as a function of the different pigment percentages, as illustrated in Figure 7a AMD-
Pi and Figure 7b IND-Pi. In the case of both AMD-Pi and IND-Pi, as the amount of pigment
substituted for natural sand increases, the strengths decrease for substitution values above
4%. With a 2% substitution, AMD-Pi has slightly higher strength values (compression and
traction) than the reference mortar. In the case of IND-Pi, a 2% substitution results in a
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slight increase in tensile strength and a small reduction in compressive strength compared
to the reference mortar. These differences were significant, as corroborated by Tukey’s
statistical test.
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and (b) IND-Pi.

The reduction in mechanical strength in relation to the increase in pigment may
be related to the water/binder ratio, which increased as the percentage of substitution
increased. This increase in the amount of water was necessary to keep the consistency
constant. Another factor that could contribute to a reduction in strength is the replacement
of fine aggregate with pigment, but when sand is replaced with pigment, the amount
of water needed to produce the mortar is adjusted. The percentage of 6% should not
significantly affect the strength of the mortar, especially if the substitution is less than
10% [43].

On the other hand, the differences found in resistance between the pigment types may
be related to their particle size, since AMD-Pi has smaller particles than IND-Pi. In this
case, the pigment may have acted as a filer in the mortar, filling the voids.

3.2.2. Dimensional Variation

The dimensional variation results are shown in Figure 8, which shows the dimensional
variation as a function of the percentage of pigment added, showing the influence of two
types of pigment (Figure 8a) and curing time (Figure 8b). Compared to the reference mortar,
there is shrinkage at 7 and 14 days of curing and expansion at 28 days of curing. With
regard to the effect of the type of pigment, it can be seen that AMD-Pi showed expansion
as the percentage of substitution in relation to the reference mortar increased. IND-Pi, on
the other hand, showed irregular behavior, i.e., with 2% substitution, there was a shrinkage
in relation to the reference material; with 4% substitution, there was an expansion in
relation to 2%; and with 6%, there was a shrinkage in relation to the material with 4%
substitution. With regard to the effect of curing time, little impact could be observed
over the study period, however, there was a tendency for expansion as the percentage of
substitution increased.

The main reason for the influence of pigments on mortar is probably the interference
of the shape and dimensions of the pigment on the microstructure and packing density of
the mixtures [23]. For example, if the pigments are long needles or flat particles, they can
disturb the organization of the particles in the mortar matrix, creating spaces or channels
between them. This can result in a nonuniform distribution of voids in the matrix, which
in turn can lead to expansion or contraction. Packing density refers to the efficiency with
which the particles organize themselves and fill the available space. When pigments are
added, they occupy part of this space. The way the pigments fit together with the cement
and sand particles affects the overall packing density. If the pigments have shapes that allow
for more efficient packing, the density of the mixture can increase, resulting in expansion.
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On the other hand, if the pigments introduce significant voids between themselves and the
matrix particles, the density can decrease, resulting in contraction.

Mining 2023, 3, FOR PEER REVIEW  12 
 

 

fine aggregate with pigment, but when sand is replaced with pigment, the amount of wa-

ter needed to produce the mortar is adjusted. The percentage of 6% should not signifi-

cantly affect the strength of the mortar, especially if the substitution is less than 10% [43]. 

On  the other hand,  the differences  found  in resistance between  the pigment  types 

may be related to their particle size, since AMD-Pi has smaller particles than IND-Pi. In 

this case, the pigment may have acted as a filer in the mortar, filling the voids. 

3.2.2. Dimensional Variation 

The dimensional variation results are shown  in Figure 8, which shows  the dimen-

sional variation as a function of the percentage of pigment added, showing the influence 

of two types of pigment (Figure 8a) and curing time (Figure 8b). Compared to the refer-

ence mortar, there  is shrinkage at 7 and 14 days of curing and expansion at 28 days of 

curing. With regard to the effect of the type of pigment, it can be seen that AMD-Pi showed 

expansion as the percentage of substitution in relation to the reference mortar increased. 

IND-Pi, on  the other hand, showed  irregular behavior,  i.e., with 2% substitution,  there 

was a shrinkage in relation to the reference material; with 4% substitution, there was an 

expansion in relation to 2%; and with 6%, there was a shrinkage in relation to the material 

with 4% substitution. With regard to the effect of curing time, little impact could be ob-

served over the study period, however, there was a tendency for expansion as the percent-

age of substitution increased. 

 

Figure 8. Dimensional variation as a function of the percentage of addition for (a) the two types of 

pigment and (b) different curing times. 

The main reason for the influence of pigments on mortar is probably the interference 

of the shape and dimensions of the pigment on the microstructure and packing density of 

the mixtures [23]. For example, if the pigments are long needles or flat particles, they can 

disturb the organization of the particles in the mortar matrix, creating spaces or channels 

between them. This can result in a nonuniform distribution of voids in the matrix, which 

in turn can lead to expansion or contraction. Packing density refers to the efficiency with 

which the particles organize themselves and fill the available space. When pigments are 

added, they occupy part of this space. The way the pigments fit together with the cement 

and sand particles affects the overall packing density. If the pigments have shapes that 

allow for more efficient packing, the density of the mixture can increase, resulting in ex-

pansion. On the other hand,  if the pigments  introduce significant voids between them-

selves and the matrix particles, the density can decrease, resulting in contraction. 

Figure 8. Dimensional variation as a function of the percentage of addition for (a) the two types of
pigment and (b) different curing times.

3.2.3. Loss of Mass

Figure 9 shows the mass loss results for different types of pigment and curing times. It
can be seen that as the percentage of addition and curing time increase, the loss of mass also
increases. Furthermore, compared to the use of IND-Pi in the mortars, the use of AMD-Pi
proved to be slightly more susceptible to mass loss. In other words, mortars containing
AMD-Pi, regardless of the percentage added, showed a greater loss of mass compared to
mortars developed with IND-Pi.
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The difference in mass loss between the pigments (IND-Pi and AMD-Pi) may be
related to the salts contained in AMD-Pi, which have the potential to cause expansion
and cracking in mortars, thus facilitating water loss during the curing period. On the
other hand, a greater loss in mass in relation to the percentage of replacement of natural
aggregate with pigment is associated with a greater amount of water present in the mortar
formulation. This is because, by increasing the amount of pigment in the mortar, it is
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necessary to add more water to the mixture in order to maintain a constant consistency. As
a result, more water is lost during the curing period [44].

3.2.4. Colorimetry

Figure 10 shows the reflectance curve of the decorative mortars with their respective
contents. The image shows a similar colorimetric behavior at wavelengths from 400 to
700 nm, with curves with different values but the same shape in the visible range, with the
exception of the reference mortar.
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It can be seen that, in relation to the L* results (Table 7), the mortars with IND-Pi
pigment and AMD-PI pigment are similar, with a slight difference in the mortars containing
AMD-Pi, which are slightly lighter (higher L* value), especially at the 2%, 6%, and 10%
substitution levels, compared to the mortars containing IND-Pi. This is contrary to what
was observed in the analysis of the pigments in powder form, where IND-Pi had a higher
luminosity value than AMD-Pi.

Table 7. Average values of the colorimetric parameters and results of the difference in shade of the
mortars with their respective contents (∆E*Lab).

% Replacement Samples L* a* b* ∆E*Lab

0% without
pigment 77.57 0.55 6.91 -

2%
IND-Pi 69.25 12.53 43.81

15.47AMD-Pi 73.12 6.71 30.01

4%
IND-Pi 68.02 12.36 43.03

14.22AMD-Pi 67.06 7.33 29.76

6%
IND-Pi 66.53 12.08 40.85

13.60AMD-Pi 72.61 6.93 29.84

With regard to the a* parameter, it can be seen that the mortars with IND-Pi tend to be
less reddish (lower a* value) and more yellowish (higher b* value) compared to the mortars
made with AMD-Pi. This may be due to the greater tinting potential of IND-Pi.

4. Conclusions

In summary, the main aim of this study was to evaluate the physical and mechani-
cal properties of decorative mortars developed by partially replacing natural sand with
pigment from acid mine drainage. According to the results, the following conclusions can
be drawn.
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Obtaining this pigment from the process of selective precipitation for metals in acid
mine drainage proved to be an effective procedure, recovering around 80% of the iron
contained in AMD, transforming it into a yellow pigment (goethite) using hydrometallurgi-
cal techniques.

The detailed characterization of the pigment revealed that it is suitable for use as
a pigment, although it does show some variations in relation to industrial pigments,
especially in terms of tone. However, the possibility of using the AMD-Pi pigment paves
the way for using the resource in a more sustainable way and with potential for innovation
in the decorative mortar industry.

The workability of the decorative mortars is affected by the increase in the addition
of pigment, as an increase in the amount of water, with the increase in the percentage of
pigment substitution, was necessary to maintain the desired consistency.

With regard to mechanical strength, the results indicated that the addition of pigment
had a negative influence on flexural tensile strength and compressive strength, especially
at higher substitution levels. The statistical tests confirmed these trends.

With regard to dimensional variation and loss of mass, the AMD-Pi pigment had
a significant influence on both response variables, i.e., an expansion was observed for
dimensional variation and a decrease in mass was observed when the percentage of substi-
tution increased.

With regard to the colors of the decorative mortars, the AMD-Pi pigment was similar
to the industrial pigment (IND-Pi), with slight variations in shades.

The significant increase in the amount of water incorporated during the mortar pro-
duction process due to the increase in the proportion of pigments used emerged as one of
the main factors responsible for the notable variations in the properties of these materials.
However, it is important to note that this influence can be mitigated in future projects
by adopting specific additives. The incorporation of such additives provides an effective
means of adjusting the water/cement ratio and, consequently, optimizing the character-
istics of mortars, ensuring the desired consistency without compromising their strength
and durability.

Finally, this study has made a contribution to the field of decorative mortars, exploring
an alternative source of pigment and promoting technological innovation while respecting
the environment. Despite the limitations observed in terms of mechanical resistance and
colorimetry, this work represents an important step towards more sustainable products in
the construction industry.
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