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Preface to ”New Environmentally-Friendly and

Sustainable Materials”

Nowadays, one of the key challenges facing contemporary society is the establishment a

sustainable lifestyle that is in harmony with the environment and that does not compromise economic

growth and technological development. Furthermore, the increase in the world population has

boosted per capita consumption and, consequently, the generation of different types of waste. When

irregularly discarded, waste can contaminate water, air, and soil and can cause damage to fauna

and flora. Currently, billions of tons of waste are generated each year on a global scale, causing

profound environmental impacts. Population growth tends to aggravate this scenario, and according

to the United Nations, it is estimated that the world population will reach 9 billion in 2050, and if

there are not changes in our current consumption patterns, then the expectation is that the amount of

generation of waste that is generated will increase by several billion tons.

Because of this scenario, scientists and researchers have made a continuous effort to develop

new materials from different types of residues. The goal is for these materials to perform is a way

that is equal to or that is superior to materials that can already be found on the market, but with

the seal of being more environmentally friendly and sustainable. This book is a print edition of the

Special Issue entitled “New Environmentally Friendly and Sustainable Materials” that was published

in Sustainability (ISSN 2071-1050). The aim of this Special Issue was to highlight and share recent

scientific discoveries in the development of new environmentally friendly and sustainable materials

created from different types of waste, emphasizing the compromise between chemical resistance,

morphology, and its properties. We hope that readers will enjoy this collection and that it will serve

as an inspiration for the emergence of new trends as well as scientific and technological advances.

Alisson Mendes Rodrigues, Gelmires de Araujo Neves, Romualdo Rodrigues Menezes

Editors
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Abstract: Alkali-activated materials (AAMs) were produced using residues from the red ceramic
industry as a precursor, and sodium hydroxide (NaOH), potassium hydroxide (KOH), and sodium
silicate (Na2SiO3) as alkaline activators. The effect of activators and curing conditions on physical-
mechanical properties and durability were evaluated. The processing parameters (amount of water
and consistency index) and the activation conditions (the activator contents and curing temperature)
were defined based on an experimental design getting the flexural rupture module as the response.
The durability behavior was evaluated by natural aging, accelerated aging (simulated rain test),
exposure to the marine environment (salt fog), and acidic environments (HCl and H2SO4). The
results showed that the NaOH- and KOH-activated samples exhibited inferior mechanical behavior
than those activated with Na2SiO3. In the durability studies, due to leaching, there was a decrease in
mechanical strength when samples are subjected to aggressive exposure conditions. However, the
strength values are still higher than the minimum indicated for traditional ceramic applications.

Keywords: ceramic residue; alkaline activation; experimental design; durability tests

1. Introduction

The red ceramic industry is an important economic segment of the global production
chain and generates several jobs. However, vast amounts of residues generate from such
industry [1]. Generally, the red ceramic residues generated before the sintering step are
reintroduced to the production process, but the residues generated after the sintering step
are often discarded in inappropriate places causing damage to the environment. In the
past decades, the environmental awareness of society has grown, and several studies have
focused on developing new materials from the reuse of industrial waste to contribute to
sustainable development [2–6].

The residues of the red ceramic industry have several potentials for reuse; among
them stand out the production of traditional ceramics or cementitious materials [7–10].
Additionally, such residues have the potential to be used as precursors of alkali-activated
materials because they are rich in silica and alumina and compounds by a large number of
amorphous phases [11]. In recent decades, alkali-activated materials (AAMs) have attracted
worldwide attention for their low CO2 emissions and excellent mechanical and durability
properties. These materials are formed from reactive aluminosilicate raw materials that,
in an alkaline medium, undergo a series of chemical reactions giving rise to alkaline
aluminosilicate gels with cementitious properties [12].

Due to environmental and technological advantages, AAMs have been widely used
in the civil construction sector as an alternative to the use of Portland cement [13], as

Sustainability 2021, 13, 10931. https://doi.org/10.3390/su131910931 https://www.mdpi.com/journal/sustainability
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complementary materials to avoid the alkali-aggregate reaction [14] or in the production of
ceramic parts without the sintering step [15]. Among the main properties, we can mention
high mechanical resistance, more excellent chemical stability, slight curing retraction,
greater thermal resistance, more outstanding durability in aggressive environments, and
lower CO2 emissions for its production than Portland cement, which is one of the most
CO2 emitting in the world [16,17].

Sodium silicate or alkali metal hydroxide (Na or K) are frequently used activators to
produce alkali-activated materials [18]. The most commonly used precursors are materials
that have good pozzolanic activity when mixed with Portland cement, such as fly ash [19],
blast furnace slag [20], and calcined clays [21]. Additionally, several by-products and
industrial wastes have been used as precursor material [22], such as red mud from the
bauxite beneficiation process [23], rice husk ashes [24], glass waste [25,26], wastes from
ceramic production [18,27–29], among others.

Rego et al. [30] studied various industrial residues, including ceramic residues as a
precursor material in synthesizing geopolymer cementitious matrices using hydroxide and
silicate activators. The authors observed that the geopolymers produced could be used as
adhesives on metal plates subjected to temperatures up to 400 ◦C, showing better efficiency
when compared to epoxy-based resins (adhesion resistance up to 200 ◦C). Azevedo et al. [31]
characterized clay brick residues and evaluated their use as an alternative precursor for
producing ceramic tiles through geopolymer reactions. The results showed that the ceramic
residues showed high pozzolanic reactivity and are rich in silica and alumina, which
are fundamental for synthesizing AAMs. Regarding technological analysis, the authors
found that the water content and the curing temperature are decisive for improving the
mechanical and durability properties of the AAMs.

Although the use of red ceramics residues as a precursor in the production of AAMs
has already been reported in the literature, these are still little explored, especially con-
cerning the aspects of durability in aggressive environments, such as seawater and acid
exposure. In this sense, this work aimed to produce ceramic pieces through the process
of alkaline activation using residues from the red ceramic industry and to evaluate the
durability of the pieces formed from tests of natural aging, accelerated aging, and exposure
to the marine and acidic environments (hydrochloric acid (HCl) and sulfuric acid (H2SO4)).
For this, three different alkaline agents (NaOH, KOH, and Na2SiO3) were used as activa-
tors. The effect of activators and curing conditions on physical-mechanical properties and
durability were evaluated.

2. Materials and Methods

2.1. Materials

Red ceramic residues (RCR) used in this work came from a commercial brick plant
located in the state of Paraíba, Brazil. The residues were ground and sieved for different
sizes 0.42 mm, 0.18 mm, and 0.074 mm. The alkaline solutions were obtained from sodium
hydroxide (PA 97%, Synth, Diadema-SP, Brazil), potassium hydroxide (PA 85%, Synth,
Diadema-SP, Brazil), and sodium silicate (Na2O and SiO2 = 20–30%, H2O = 40–60%, VETEC,
Duque de Caxias-RJ, Brazil) with basic pH (11–13). Ammonium polyacrylate was used as a
dispersant (0.5 wt.% Lioperses 511, Miracema-Nuodex Indústria Química Ltd.a, Campinas—
SP, Brazil), and ammonium hydroxide (30–32% PA, VETEC, Duque de Caxias-RJ, Brazil)
was used to adjust the pH.

2.2. Formulation of the Granulometric Compositions

The samples were obtained from a combination of three granulometry: #40
( 0.18 mm < particles size ≤ 0.42 mm), #80 (0.074 mm < particles size ≤ 0.18 mm), #200
(particles size ≤ 0.074 mm). Initially, the amount of water needed to obtain a consistency
index of 260 ± 5 mm [32] was determined using the centroid simplex-type mixture design
methodology, augmented with internal points [33]. Two replicates were performed for
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each point (three measurements). Table 1 presents the formulations corresponding to the
points defined in the experimental design.

Table 1. Formulations of the granulometric compositions, obtained from the experimental design.

Formulations
Fractions (%)

#40 #80 #200

C1 100 0 0
C2 0 100 0
C3 0 0 100
C4 50 50 0
C5 50 0 50
C6 0 50 50
C7 33.33 33.33 33.33
C8 68 16 16
C9 16 68 16

C10 16 16 68

Since the minimum amount of water to reach the consistency index of 260 ± 5 mm was
determined, another experimental design was accomplished to determine the consistency
index. Such analysis was performed using the same data shown in Table 1. Dispersing
and pH control additives were used to obtain the formulations. The significance and
prediction of the models were evaluated based on statistical analyses. Due to better worka-
bility, composition with the highest consistency index was chosen for alkaline activation
studies [34].

2.3. Characterization of the Red Ceramic Residue and Activated Samples

The chemical composition was defined by X-ray fluorescence (Shimadzu, EDX 720).
The mineralogical phases were identified using the X-ray diffraction technique (Shimadzu,
XRD6000), with Cu-Kα 2θ radiation in the range of angles of 5◦–70◦, 0.02◦ step and
JCPDS database.

2.4. Alkaline Activation, Curing Times, and Preparation of the Samples

An experimental design of the 2 × 2 factorial type, augmented with star points and a
central point was carried out for each activator (NaOH, KOH, Na2SiO3) considering the
variables of cure temperature and activated concentration. Table 2 presents the experi-
mental design used. The temperatures used in such analysis were based on the works of
Rovnaník [35], Medri et al. [36], Bakri et al. [37], and Heah et al. [38]. For calculations of the
alkaline activator’s concentration, it was considered that all silica is reactive and originated
from the kaolinite of the precursor material. The calculations were determined from the
chemical composition of the red ceramic residue.

Table 2. Curing temperatures and activator alkaline activator’s concentration obtained from experi-
mental design.

Conditions Temperature (◦C)
Concentration (g/100 g)

NaOH KOH Na2SO3

1 21.8 9.0 14.0 30.0
2 30 6.0 9.0 20.0
3 30 12.0 19.0 40.0
4 50 4.77 6.93 16.0
5 50 9.0 14.0 30.0
6 50 13.23 21.07 44.1
7 70 6.0 9.0 20.0
8 70 12.0 19.0 40.0
9 78.2 9.0 14.0 30.0
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The mixtures of the red ceramic residue (precursor) with the solutions of each alkaline
activator (NaOH, KOH, and Na2SiO3) were homogenized in a mechanical mixer for 5 min.
After that, the homogenous mixture was poured into cylindrical molds with 2.5 cm × 5 cm
(diameter x height) and curing was carried out under temperatures defined in the exper-
imental design (Table 2). The experimental conditions of curing used were 3 days (3d),
5 days (5d), and pre-curing for 4 days in the environment (E), followed by curing under the
conditions of the experimental design for 1 day (4dE + 1d). The cures at 3d and 4dE + 1d
for Na2SiO3 samples were not performed due to difficulties in demolding the samples.

2.5. Durability of Samples after Alkaline Activation

Four tests were accomplished to investigate the durability behavior: natural aging,
accelerated aging, exposure to the marine environment (salt fog), and acidic environments
(HCl and H2SO4). For the natural aging test, the samples were kept in a closed place and
protected from climatic variations in which the temperature variation (~22 ◦C–33 ◦C) and
the air humidity (~75%) were kept constant. The samples were evaluated at 28, 60, and
90 days. The accelerated aging test was carried out through a simulated rain test, with 2 h
wetting cycles and drying for 48 h in an oven (temperature 35 ◦C). Twenty-four cycles were
performed.

Regarding the marine environment test, the samples were exposed in a coastal area,
100 m from the coastline for 28, 60, and 90 days to salt spray. For the acid resistance test,
the samples were immersed in solutions (5% concentration) of hydrochloric acid (HCl)
and sulfuric acid (H2SO4) for 28, 60, and 90 days. Then the samples were dried in an oven
(35 ◦C) for 48 h. After the curing and durability tests, three points flexural strength (FS)
tests were performed. Such experiments were accomplished in Shimadzu, AG-X-50 KN,
with a speed of 0.5 mm.min−1. The experimental values showed in this work correspond
to the average value of ten samples.

3. Results and Discussion

3.1. Amount of Water and Consistency Index

Figure 1a,b shows 3D response surface plots, obtained from the cubic regression
model, for amount of water and consistency index versus RCR formulations with different
granulometric fractions: #40 (0.18 mm < particles size ≤ 0.42 mm), #80 (0.074 mm < particles
size ≤ 0.18 mm), #200 (particles size ≤ 0.074 mm). Statistical treatment of the experimental
data was performed to verify the significance and prediction of the experimental design.
The cubic regression model was the most appropriate (95% confidence) to represent the
amount of minimum water and the consistency index. Total of 320 mL was the minimum
amount of water to obtain a consistency index of 260 ± 5 mm. Such value was observed
in the region highlighted in Figure 1a (red hyperbole). This was because the RCR formu-
lations contained in these regions probably favored better particle packing. Then, for the
consistency index evaluation, the amount of water was kept constant at 320 mL. The part
highlighted in Figure 1b (blue hyperbole) presents values of consistency index ranging
from 240 to 280 mm, close to the value of 260 ± 5 mm recommended by the ASTM C1437
standard [32]. RCR formulations contained in this region have higher amounts of #80 and
#200 fractions.

According to the results of the experimental design carried out for the amount of water
and the consistency index, the Z composition (40% of #40, 2.5% of #80, and 57.5 of #200) was
chosen to evaluate under which cure temperatures and alkaline activators concentrations
obtained the best flexural strength values.
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Figure 1. 3D response surface plots and their respective projections onto the composition triangle for the amount of water
(a,b) and consistency index (c,d).

3.2. Curing Temperature and Alkaline Activators Concentration Influence on Flexural Strength

Figure 2a–c shows the 3D response surface plots for the flexural strength versus
concentration of alkaline activators (NaOH, KOH, and Na2SiO3) and curing temperatures.
The curing conditions 3d, 5d, and 4dE + 1d were evaluated for NaOH, KOH while for
the Na2SiO3, only the 5d was performed due to the difficulties in demolding the samples
the other experimental conditions. For all conditions, the 3D response surface plot was
obtained from the quadratic model (95% confidence). The coefficients of determination (R2)
obtained for curing conditions 3d, 5d, and 4dE + 1d were 73.71%, 90.23%, and 92.20% for
the samples activated with NaOH and 62.54%, 90.31%, and 70.33% for the activation with
KOH. Finally, for the Na2SiO3 activator, R2 was 86.92% (5d cure).

The highest FS values were observed at high cure temperatures and NaOH concen-
trations (Figure 2a). At intermediate temperatures (~50 ◦C), the NaOH activator did not
significantly influence FS values in 3d and 5d cures. However, for the 4dE + 1d cures, the
FS values increase with NaOH concentration. In general, in the NaOH-activated samples,
FS values ranged from 0 to 2 MPa for 3d, 0 to 3 MPa for 5d, and 0 to 2.5 MPa for 4dE + 1d.

The KOH-activated samples (Figure 2b) show similar behavior as those activated
with NaOH (Figure 2a); i.e., high FS values occur at higher cure temperatures and alkaline
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activator concentrations. However, at 3d cure condition, high FS values were obtained at
low KOH concentrations and high cure temperatures. For the Na2SiO3-activated samples
(Figure 2c), the highest FS were obtained for intermediate values of cure temperatures
(~50 ◦C) and activator concentration (~30 g/100 g). Under these experimental conditions,
sodium silicate dissolves silica, which reacts with Al3+ ions, forming aluminosilicate
oligomers that unite, promoting the system gelation. It is known that the increase in
gel volume favors the increase in mechanical strength [39]. Still for Na2SiO3, low FS
values were observed for higher Na2SiO3 concentrations. It is believed that high Na2SiO3
concentrations negatively affect the synthesis kinetics, delaying the Si dissolution. As
a consequence, the hardening of the system will occur when the gel only forms small
agglomerates, which compromise the material’s mechanical strength [40].

(a) NaOH 

  

3d 5d 

4dE + 1d

 

Figure 2. Cont.
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(b) KOH 

  

3d 5d 

4dE + 1d

 
(c) Na2SiO3 

5d

 

Figure 2. 3D response surface plots obtained from the experimental design of the activators and their cure times. NaOH (a),
KOH (b) e Na2SiO3 (c).

According to the 3D response surface plots shown in Figure 2a–c, RNa, RK, and RNaS
samples were chosen for the next experiments. The experimental conditions of these sam-
ples are summarized in Table 3. The 5d cure was chosen due to their better reproducibility
for all studied activators (NaOH, KOH, and Na2SiO3); since the Na2SiO3-activated samples
subjected to 3d and 4dE + 1d cures presented difficulties for demolding. In general, the
NaOH- and KOH-activated samples exhibited lower FS values than those activated with
Na2SiO3. Such behavior may be related to large Si ions contents available in the early stages
of geopolymer reactions, which accelerate their kinetics. Indeed, some research [41,42]
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found that activation solution contained Na2SiO3 which favored the geopolymer reactions,
hence improving the mechanical properties.

Table 3. Curing conditions of the RNa, RK, and RNaS samples and their predicted flexural
strength values.

Samples

Processing Conditions Cure Type

Activator 1 C, g/100 g T, ◦C
3d 5d 4dE + 1d

FS Value 2

RNa NaOH 11.08 75 1.03–1.88 2.33–3.18 1.64–2.16
RK KOH 17.13 75 0.66–1.52 1.44–3.22 1.10–1.96

RNaS Na2SiO3 33.04 55 - 10.41–14.96 -
1 Concentration; 2 predictive FS values acquired from Figure 2a–c.

3.3. Characterization of the Compositions

Table 4 and Figure 3a,b show the chemical composition and mineralogical phases
analysis of red ceramic residue (RCR) and the alkaline-activated samples (RNa, RK, and
RNaS). As discussed earlier, all samples were cured under 5d conditions. The SiO2 and
Al2O3 were the main oxides detected (44–51 wt% of SiO2 and 20–26 wt% of Al2O3). Higher
SiO2 and Al2O3 contents (SiO2 + Al2O3 = 77.3 wt%) in red ceramic residues favored
the development of the materials with good mechanical resistance through the process of
geopolimerization [43,44]. As expected, the Na2O and K2O contents varied according to the
alkaline activator type used. In general, the mineralogical phases of all activated samples
(Figure 3b) were the same as those identified in the ceramic residues (Figure 3a), mica
(KMg3(Si3Al)O10(OH)2, JCPDS 83-1808), magnesium silica-aluminate, calcium and sodium
(JCPDS 23-1405), feldspar (KSi3AlO3, JCPDS 84-0710), quartz (SiO2, JCPDS 46-1045), and
iron oxide (Fe2O3, JCPDS 04-0755).

Table 4. The chemical composition of the red ceramic residue (RCR) and of activated samples (RNa,
RK, and RNaS).

Samples
Oxides (wt%)

SiO2 Al2O3 Fe2O3 Na2O K2O MgO CaO TiO2 Other

RCR 51.2 26.1 9.7 1.0 3.8 3.2 1.7 1.0 1.0
RNa 46.4 23.2 10.0 11.5 3.7 1.8 1.7 1.0 0.7
RK 44.3 21.9 10.3 - 18.1 2.1 1.8 1.2 0.3

RNaS 48.5 24.7 10.9 5.6 3.9 2.5 1.9 1.1 0.9

 

 

Figure 3. X-ray diffraction pattern measured from of the red ceramic residues (a) and the activated samples (RNa, RK, and
RNaS) (b) (• mica, � magnesium silica-aluminate, � feldspar, � quartz, � iron oxide).
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3.4. Durability of Activated Samples

Figure 4 shows the FS results of RNa, RK, and RNaS samples after natural ag-
ing (Figure 4a), accelerated aging by simulated rain (Figure 4b), exposure to salt spray
(Figure 4c), and exposure to hydrochloric and sulfuric acids (Figure 4d,e). For the Na2SiO3-
activated samples (Figure 4a), was observed the trend of FS values increase around 60 days
of exposure and then decrease up to 90 days. For NaOH-activated samples, it was observed
that the FS values increased with the exposure time. In the case of KOH, due to the samples
being practically deteriorated (Figure 5a,b), it was impossible to measure the FS values
at 90 days. Such degradation behavior is related to the sub-efflorescence phenomenon
(Figure 5b). In this phenomenon, under adequate humidity, unreacted K+ ions leached
toward the sample surface and depositing themselves in the salt form of salt.

  

0 15 30 45 60 75 90
0

2

4

6

8

10

12

14

Fl
ex

ur
al

 s
tre

ng
ht

 (M
Pa

)

Exposure time (days)

 RNa   
 RK   
 RNaS

(a)
Natural aging

0 4 8 12 16 20 24
0

2

4

6

8

10

12

14

(b)

Fl
ex

ur
al

 s
tre

ng
ht

 (M
Pa

)

Cycles

 RNa   
 RK   
 RNaS

Accelerated aging
(Simulated rain) 

  

 

0 15 30 45 60 75 90
0

2

4

6

8

10

12

14

(c)

Fl
ex

ur
al

 s
tre

ng
ht

 (M
Pa

)

Exposure time (days)

Exposure to salt spray 

 RNa   
 RK   
 RNaS

0 15 30 45 60 75 90
0

2

4

6

8

10

12

14

(d)

Fl
ex

ur
al

 s
tre

ng
ht

 (M
Pa

)

Exposure time (days)

Hydrochloric  acid 

 RNa   
 RK   
 RNaS

0 15 30 45 60 75 90
0

2

4

6

8

10

12

14

(e)

Fl
ex

ur
al

 s
tre

ng
ht

 (M
Pa

)

Exposure time (days)

Sulfuric acid 

 RNa   
 RK   
 RNaS

Figure 4. Flexural strength of the NaOH-, KOH-, and Na2SiO3-activated samples subjected to natural
aging (a), accelerated aging by simulated rain (b), exposure to salt spray (c), to hydrochloric acid (d),
and sulfuric acid (e).
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Figure 5. Evolution of the deterioration process of KOH-activated samples after 60 days of natural aging (a), and efflores-
cence phenomenon exhibited by the RK sample (b).

For samples subjected to accelerated aging by simulated rain (Figure 4b), from 0◦ to 2◦
cycles, a significant decrease in FS values was observed only in the Na2SiO3-activated
sample. Such behavior must be related to the leaching of soluble silica [45]. From the
2◦ to 6◦ cycles, the FS values decreased for all samples, regardless of the activator used,
obtaining a subtle increase in the 12◦ cycle. This behavior may be related to the initial
leaching of soluble particles present in the material structure. However, such behavior
stabilizes with the continuation of the wetting and drying cycles, either by decreasing
the ions leaching rate or increasing geopolymerization over cycles. From the 12◦ cycle
onwards, NaOH and KOH-activated samples showed similar behaviors, indicating a slight
decrease in resistance for the 18◦ and 24◦ cycles.

Figure 4c shows the FS values of alkali-activated samples that were exposed to salt
spray for 28, 60, and 90 days. The mechanical resistance measured from NaOH and KOH
samples did not undergo significant changes during the experiment. Unlike what was
observed in natural aging, the sub-efflorescence phenomenon was not observed in the
KOH sample; thus, FS values were measured at 90 days. For Na2SiO3-activated sample,
from 60 to 90 days, there is a considerable increase in FS values. Probably this behavior is
related to the continuation of the geopolymerization reactions or due to variations in the
environment humidity, which favored the dissolution reactions and condensation. For the
samples exposed (immersed) in HCl and H2SO4 solutions (Figure 4d,e), it was noted that
the NaOH- and KOH-activated samples presented similar durability behavior, and there
are no significant variations in FS values for these samples. For Na2SiO3-activated samples,
there is a considerable decrease in resistance in the period from 0 to 7 days. After 7 days,
the resistance tends to stabilize with the time of exposure.

Figure 6 compares the FS values measured from RNa, RK, and RNaS samples with
natural aging with different geopolymers found in the literature. The following materials
were collected from the literature: commercial metakaolin (GM) activated with sodium
silicate/sodium hydroxide solution [35], ceramic residue (GPM 0.6)-activated alkaline
activated with sodium silicate/sodium hydroxide solution [46], chamotte residues molded
and pressed (CM and CP, respectively) alkali activated with potassium hydroxide/sodium
silicate solution [31], Metakaolin HP Ultra molded and pressed (MM and MP, respectively)
alkali activated with hydroxide/sodium silicate solution [31], fly ash with a proportion of
15% granulated blast furnace slag (AA3) alkali activated with sodium silicate solution [47],
blast furnace slag and fly ash (50FA1.00) alkali active with Na2SiO3/NaOH solution [48],
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geopolymeric concrete prepared using a Class F fly ash (A40 S00), and alkali activated
with 114.3 kg/m3 Na2SiO3 and 45.7 kg/m3 NaOH solution and 100 kg/m3 of Na2SiO3
and 40 NaOH kg/m3 solution (A35 S00) [49], fly ash-based mixtures (AF-AS) and ground
granulated blast furnace slag (GGBS) alkali activated with sodium hydroxide/sodium
silicate solution [50], low-calcium fly ash (GPC) alkali activated with (103 kg/m3) sodium
hydroxide/(41 kg/m3) sodium silicate solution [51].

The highest FS values were found for Metakaolin HP Ultra pressed (MP: 30.44 MPa)
and molded (MM: 12.50 MPa) residues [31]. In this case, the proper cure temperature was
also investigated, and it was observed that the aluminosilicate dissolution reactions reached
a maximum at 60 ◦C. RNaS sample, in this work, presented values around 11.5 MPa, in
cures of 0 and 60 days, which were superior to other materials. RK and RNa samples in this
work showed FS values ranging between 2 and 4.2 MPa, being lower than other strengths
shown in Figure 6, except for the AA3 and GGBS samples. Sample AA3 was activated
with 8% sodium silicate content, and the authors observed that for lower levels, the FS
values decreased. According to the authors, the FS value for the AA3 sample (2.1 MPa)
was satisfactory. GGBS sample showed the lowest FS result compared to other materials
analyzed. This behavior occurs due to the fragile structure matrix produced from GGBS.

In general, it is possible to observe the increase of FS with the curing time; this behavior
is expected because, for them to occur as geopolymerization and compaction reactions of
the specimens in a satisfactory way, an adequate curing time is necessary [31]. However,
for the samples in this work, the highest resistance was observed in 60 days of exposure for
RNa and RNaS and 28 days of exposure to RK. Probably the geopolymerization reactions
were consolidated at these ages.

GGBS
AA3

RK(this work)
RNa(this work)

GPM0.6
GPC

A40S00
50FA1.00

A3500
FAB

RNaS(this work)
GM
CM
CP
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Figure 6. Comparison of the flexural strength of the red ceramic residues activated with NaOH (RNa), KOH (RK), and
Na2SiO3 (RNaS) evaluated in this study with different geopolymers found in the literature.

4. Conclusions

The red ceramic residues showed potential to be used in the alkaline activation
technique to obtain geopolymers. Curing conditions (temperature and time) and types and
concentrations of the alkaline activator influenced the samples’ mechanical strength and
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durability. The samples activated with NaOH and KOH exhibited less mechanical behavior
than the samples activated with Na2SiO3. For NaOH and KOH activators, the highest
flexural strength values were obtained with the combination of elevated temperatures and
higher concentrations of the activator. In the case of the Na2SiO3 activator, to obtain higher
mechanical resistance values, a balance between the activator concentration and the curing
temperature is necessary. In the durability studies, there was a decrease in mechanical
resistance with an increase in exposure cycles to aggressive conditions, and for natural
aging, mechanical resistance increased over time.

Author Contributions: Methodology, software, data curation, and formal analysis, I.M.T.B., F.P.d.C.
and J.V.F. Conceptualization, supervision, funding acquisition, and project administration, G.d.A.N.
and R.R.M. Formal analysis, writing—review and editing, A.M.R. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by Coordenação de Aperfeiçoamento de Pessoal de Nível Supe-
rior (CAPES), grant number 88887.597478/2021-00; and by Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq), grant number 140211/2021-7.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to thank the support provided by the Laboratório de
Tecnologia dos Materiais, where it was possible to carry out the experiments of this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. da Silva, A.C.; Méxas, M.P.; Quelhas, O.L.G. Restrictive factors in implementation of clean technologies in red ceramic industries.
J. Clean. Prod. 2017, 168, 441–451. [CrossRef]

2. Azevedo, A.R.G.; França, B.R.; Alexandre, J.; Marvila, M.T.; Zanelato, E.B.; Xavier, G.C. Influence of sintering temperature of a
ceramic substrate in mortar adhesion for civil construction. J. Build. Eng. 2018, 19, 342–348. [CrossRef]

3. Nandi, V.S.; Raupp-Pereira, F.; Montedo, O.R.K.; Oliveira, A.P.N. The use of ceramic sludge and recycled glass to obtain engobes
for manufacturing ceramic tiles. J. Clean. Prod. 2015, 86, 461–470. [CrossRef]

4. Almeida, E.P.; Carreiro, M.E.A.; Rodrigues, A.M.; Ferreira, H.S.; Santana, L.N.L.; Menezes, R.R.; Neves, G.A. A new eco-friendly
mass formulation based on industrial mining residues for the manufacture of ceramic tiles. Ceram. Int. 2020, 47, 11340–11348.
[CrossRef]

5. de Figueirêdo, J.M.R.; da Costa, F.P.; Fernandes, J.V.; Rodrigues, A.M.; de Araújo Neves, G.; Menezes, R.R.; de Lima Santana, L.N.
Development of Scheelite Tailings-Based Ceramic Formulations with the Potential to Manufacture Porcelain Tiles, Semi-Stoneware
and Stoneware. Materials 2020, 13, 5122. [CrossRef]

6. Fernandes, J.V.; Guedes, D.G.; da Costa, F.P.; Rodrigues, A.M.; Neves, G.d.A.; Menezes, R.R.; Santana, L.N.d.L. Sustainable
Ceramic Materials Manufactured from Ceramic Formulations Containing Quartzite and Scheelite Tailings. Sustainability 2020,
12, 9417. [CrossRef]

7. Siddique, S.; Chaudhary, S.; Shrivastava, S.; Gupta, T. Sustainable utilisation of ceramic waste in concrete: Exposure to adverse
conditions. J. Clean. Prod. 2018, 210, 246–255. [CrossRef]

8. Awoyera, P.O.; Ndambuki, J.M.; Akinmusuru, J.O.; Omole, D.O. Characterization of ceramic waste aggregate concrete. HBRC J.
2018, 14, 282–287. [CrossRef]

9. Nayana, A.M.; Rakesh, P. Strength and durability study on cement mortar with ceramic waste and micro-silica. Mater. Today: Proc.
2018, 5, 24780–24791. [CrossRef]

10. Vieira, C.M.F.; Monteiro, S.N. Effect of grog addition on the properties and microstructure of a red ceramic body for brick
production. Constr. Build. Mater. 2007, 21, 1754–1759. [CrossRef]

11. Luhar, I.; Luhar, S.; Abdullah, M.M.A.B.; Nabiałek, M.; Sandu, A.V.; Szmidla, J.; Jurczyńska, A.; Razak, R.A.; Aziz, I.H.A.; Jamil,
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Abstract: The effect of acid treatment on the adsorptive capacity of a Brazilian palygorskite to
remove the crystal violet (CV) and congo red (CR) dyes was investigated. The raw palygorskite was
acid-treated by different HCl solutions (2, 4, and 6 mol/L). The modifications on the palygorskite
structure were investigated using X-ray diffraction, X-ray fluorescence, Fourier-transform infrared
spectroscopy, N2 adsorption/desorption, and thermogravimetric and differential thermal analysis.
The efficiency of CV and CR adsorption was investigated, and the effect of the initial concentration,
contact time, pH, and adsorbent amount was analyzed. The results revealed that CV adsorption in
the acid-treated palygorskite was higher than that of the raw material. A Langmuir isotherm model
was observed for the adsorption behavior of CV, while a Freundlich isotherm model was verified for
the CR adsorption. A pseudo-second-order model was observed for the adsorption kinetics of both
dyes. The higher CV adsorption capacity was observed at basic pH, higher than 97%, and the higher
CR removal was observed at acidic pH, higher than 50%. The adsorption parameters of enthalpy
(ΔH), entropy (ΔS), and Gibbs energy (ΔG) were evaluated. The adsorption process of the CV and
CR dyes on the raw and acid-treated Brazilian palygorskite was predominantly endothermic and
occurred spontaneously. The studied raw palygorskite has a mild-adsorption capacity to remove
anionic dyes, while acid-treated samples effectively remove cationic dyes.

Keywords: palygorskite; adsorption; anionic dye; cationic dye; water treatment

1. Introduction

The increase in industrial production and the world population has also increased
water contamination from industrial and domestic sources [1]. Effluents derived from the
textile, food, plastics, and cosmetics industries are rich in dyes [2,3]. Dyes have a complex
structure, are stable to light and heat, can be highly toxic, potentially carcinogenic, and
mutagenic [4], and rapidly accumulate in living cells and damage human health [5,6].

Crystal violet (CV) is a cationic dye widely used in the textile, plastics, paint, and
leather industries [7,8]. The CV dye is not biodegradable; it is toxic, genotoxic, and
carcinogenic [5,8,9]. The presence of the crystal violet dye in water can promote the growth
of tumors and reproductive abnormalities in fishes [10]. CV dye exposure can cause eye
irritation and painful sensitization to light, and in extreme cases, respiratory diseases,
kidney failure, chemical cystitis, permanent blindness, and cancer [7,11–13].

Congo red (CR) is an anionic dye often used in the textile, cellulose, rubber, and
cosmetics industries [14,15]. In water, besides harming the photosynthesis of plants, the CR
dye decomposes into carcinogenic and mutagenic substances [16,17]. In humans, the CR
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dye can cause skin and eye irritation, nausea, vomiting, and a high level of contamination-
induced respiratory diseases and cancer [18,19].

Currently, the removal of dyes from water has become a huge challenge, and efficient
and low-cost techniques have been sought with intensity in recent years [9]. Among the de-
velopments, nanofiltration [20], photocatalytic oxidation [21], coagulation/flocculation [22],
electrochemistry [23], membrane filtration [24] and adsorption [25–27] stand out.

Adsorption presents great effectiveness, ease of operation, and low cost. Adsorbent
material can be reused, applied to various pollutants, and be used in water treatment in a
broad range of dye concentrations [28–30]. However, some adsorbent materials can present
a high cost, especially notable in emerging countries, such as activated carbon [31,32]. This
motivated the search for alternative low-cost and efficient adsorbents for the treatment of
waters. Clays are often used as dye adsorbents due to their relatively low cost, abundance,
availability, non-toxicity, and high adsorptive properties [32–36]. However, one of these
clays, the palygorskite, has been studied less than others, despite its high potential for
dye adsorption. In recent years, palygorskite has been investigated as an adsorbent for
removing various contaminants because of its low cost and high surface area [32,36–40].

An Al-rich palygorskite with an R2+/R3+ ratio (Mg2+/(Al3+ + Fe3+)) of ≈0.26 from
Oman [41] was studied in relation to the removal of cationic/basic dyes, namely, methylene
blue (MB) and crystal violet (CV), from aqueous solutions, and the adsorptive capacities
of 50.8 mg/g and 57.8 mg/g for MB and CV, respectively, were obtained. Three natural
Mg-rich and Al-rich (Mg-poor) palygorskites from China [38] were studied to absorb
cationic MB and the adsorptive capacities of 158.03 mg/g, 98.34 mg/g, and 77.92 mg/g
were obtained. The palygorskite with the lower R2+/R3+ (0.5) ratio and a dioctahedral
character had the higher adsorption capacity [38]. However, studies [42] on Algerian
palygorskite, with an R2+/R3+ ratio of ≈0.95 and a dioctahedral-trioctahedral character,
obtained an adsorptive capacity of just 15 mg/g for MB. These results indicate that the
dioctahedral character, Al-rich palygorskite seems to favor the adsorption of cationic dyes.

An investigation that used a palygorskite from the Unites States with an R2+/R3+ of
≈0.95 for the removal of reactive red 120 (anionic dye) [43] observed a low adsorptive
capacity, not exceeding 0.5 mg/g. A Brazilian palygorskite [44], with an R2+/R3+ of 0.75
and a dioctahedral-trioctahedral character, was used to remove remazol yellow (anionic
dye) and obtained an adsorptive capacity of 20.08 mg/g. These studies indicate that
palygorskites with high R2+/R3+ present a low adsorption capacity for anionic dyes.

Yang et al. [33] investigated the adsorption capacity of the anionic and cationic dyes
on the commercial Chinese palygorskite, which some metal ions (Ca2+, Mg2+, Na+, and K+)
were removed with the aid of soxhlet extraction. The metal ions removed implied more
adsorption active sites for cationic dyes; thus, there was an improvement to the adsorption
capacity for these dyes, such as the crystal violet and cationic light yellow dyes. On the
other hand, before removing the metal ions, the commercial Chinese palygorskite showed
a relatively high adsorptive capacity for anionic methyl orange dye. In this case, the
metal ions act as bridges for efficient adsorption for these dyes. Other factors, such as the
molecular structure of the dyes, were also identified as efficient in the adsorption. Another
Chinese palygorskite was acid-treated with HCl [45] to be used in the adsorption of MB,
and a high adsorption capacity (216.5 mg/g) was achieved. These studies indicate that
acid treatment improves adsorption capacity for cationic and anionic dyes in palygorskites
with a dioctahedral-trioctahedral character.

These studies indicate a high potential for water treatment with palygorskites. It was
observed that the adsorptive potential of Chinese palygorskites has been well discussed
in the literature. In contrast, few studies have approached the adsorptive potential of the
Brazilian palygorskite for dye removal [44,46]. Furthermore, little has been explored about
how acid treatment affects the Brazilian palygorskite structure [47]. Thus, this work aimed
to analyze the effect of acid treatment on Brazilian palygorskite structure and to evaluate
its potential in treating water contaminated with dyes.
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2. Materials and Methods

2.1. Raw Materials

Palygorskite clay investigated in this work it is from Guadalupe City, Piauí State,
Brazil, and was supplied by União Brasileira de Mineração S.A. (UBM). The crystal violet
dye (CV) (Synth, Brazil), congo red dye (CR) (Dinâmica Química, Brazil), hydrochloric
acid, and ammonium hydroxide (VETEC, Brazil) were the other raw materials used in
this study.

2.2. Acid Treatment

The as-received palygorskite was treated at 60 ◦C for 24 h, sieved (0.074 mm), and acid-
treated with HCl. Then, 50 g of palygorskite was immersed in 500 mL of hydrochloric acid
solution in different concentrations (2, 4, and 6 mol/L) under reflux conditions for 2 h at
70 ◦C. The mixture was filtered under vacuum and washed several times with distilled wa-
ter until the filtered solution reached a pH = 7. Finally, the material obtained was dried for
12 h at 60 ◦C. Table 1 shows the nomenclatures used for the raw and activated palygorskite.

Table 1. Nomenclature of the samples with and without acid treatment.

Treatment Acid Concentration Sample Nomenclature

None - Pal
Acid HCl–2 mol/L Pal-2M
Acid HCl–4 mol/L Pal-4M
Acid HCl–6 mol/L Pal-6M

2.3. Characterizations

X-ray diffraction (Shimadzu, XRD-6000) was performed using CuKα (λ = 1.54 Å),
operated at 40 kV and 30 mA, in a 2θ angular range of 5◦–50◦ and 0.02◦ of step size [46,47].
The chemical analysis was determined using an X-ray fluorescence spectrometry (Shi-
madzu, EDX-720). Infrared spectra with Fourier-transform infrared spectrometry (FTIR)
were recorded in the spectral range from 4000 cm−1 to 400 cm−1, with 32 scans and 4 cm−1

resolution, using KBr pellets (Bruker, Vertex-70). Thermogravimetric (TG) and differen-
tial thermal analysis (DTA) were performed under an air atmosphere, with a heating
rate of 10 ◦C/min (Shimadzu, DTG-60H). A nitrogen adsorption/desorption test (Quan-
tachrome, Autosorb iQ) was performed and the specific surface area and pore diameter
were determined using the Brunauer–Emmett–Teller (BET) method [48,49].

2.4. Adsorption Experiments

Adsorption tests were performed to investigate the effect of contact time, initial
adsorbate concentration, adsorbent dosage, and pH variation. The adsorbent-solution
systems were shaking (150 rpm) at 25 ◦C for up 360 min. After shaking, the samples were
centrifuged at 3600 rpm for 5 min. The residual dye concentrations in the supernatant
were measured by absorbance at 582.5 nm and 501 nm for λmax for the CV and CR dyes,
respectively. The experiments were accomplished by UV-vis absorption spectrophotometry
(UV-1800, Shimadzu). The amount of CV and CR dyes adsorbed on the Pal, Pal-2M, Pal-4M,
and Pal-6M samples was calculated using Equation (1) [50], and the removal percentage
was calculated using Equation (2) [51]:

qe = [(Co − Ce)V]/m (1)

%adsorbed = [(Co − Ce)/Co] × 100 (2)

where qe (mg/g) is the adsorption capacity, Co (mg/L) and Ce (mg/L) are the initial and
equilibrium concentrations, respectively, V (L) is the volume of the solution, and m (g) is
the mass of the palygorskite samples.
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To study the effect of the CV and CR dye concentrations, 20 mg of the investigated
samples were added in flasks containing 20 mL of the dye solution with different concentra-
tions ranging from 2.5 to 200 mg/L. The pH of 7 was kept constant. The effects of contact
time (15–360 min), pH (3, 5, 7, 9, and 11), and temperature (25–55 ◦C) were investigated by
adding 20 mg of the investigated samples (Pal, Pal-2M, Pal-4M, and Pal-6M) into 20 mL
of the CV or CR solution with a 50 mg/L concentration. The initial pH of the solutions
was adjusted by adding 0.1 M NH4OH or HCl. The influence of the adsorbent dosage was
analyzed by varying the amount of samples between 10 to 40 mg at a concentration of CV
and CR of 50 mg/L at pH = 7.

2.5. Isothermal, Kinetic, and Thermodynamic Studies

The Langmuir (Equation (3)) [52] and Freundlich (Equation (4)) [53,54] isothermal
models were used in the analysis of adsorption data:

Ce/qe = [1/(qmax· KL)] + (Ce/qmax) (3)

where qe (mg/g) is the amount adsorbed in the equilibrium, Ce(mg/L) is the equilibrium
concentration, qmax (mg/g) represents the maximum adsorption, and KL (L/mg) is the
Langmuir constant.

logqe = logKf+ 1/n (logCe) (4)

where Ce and qe are as defined above, and Kf ((mg/g)(L/mg)1/n) and 1/n are the Freundlich
constants characteristic of the system. Kf represents an approximate value of the adsorption
capacity, and 1/n indicates the intensity of the adsorption process and is related to the
heterogeneity of the surface, with values between 0 and 1; the closer the value is to 0, the
more heterogeneous the surface.

To examine the adsorption kinetics, the pseudo-first-order (Equation (5)) [55] and
pseudo-second-order (Equation (6)) [56] models were used:

ln(qe − qt) = lnqe − k1t (5)

where qe is as defined above, qt (mg/g) is the amount of adsorbate adsorbed at a given
time, k1 (min−1) is the pseudo-first-order speed constant, and t is the contact time in
minutes (min).

t/qt = 1/(k2qe
2) + t/qe (6)

where qe and qt are the same as defined above, k2 (g.mg−1·min−1) is the pseudo-second-
order speed constant, and t is the contact time in minutes (min).

The thermodynamic parameters were determined from the experimental data using
the Van’t Hoff equations (Equations (7)–(9)) [42,57]:

Ln Kd = (ΔS/R) − (ΔH/RT) (7)

ΔG = − RTLn Kd (8)

Kd = qe/Ce (9)

where R (8.314 J/mol K) is the universal gas constant, T (K) is the studied temperature,
Kd is the distribution coefficient for adsorption, and ΔH, ΔS, and ΔG are the variations of
enthalpy, entropy, and Gibbs energy, respectively.

2.6. Regeneration of Adsorbents

The adsorbents loaded with CV and CR were desorbed using 40 mL of 1 M CH3COOH
solution and stirred in a shaker at 120 rpm for 8 h. Then, the adsorbents were washed with
distilled water and placed in the oven at 60 ◦ C for 12 h. After drying, they were reused for
4 cycles.
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3. Results and Discussion

3.1. Characterization of Raw and Acid-Treated Palygorskite

X-ray diffraction (XRD) patterns of the raw and acid-treated (2, 4, and 6 mol/L)
Brazilian palygorskite are illustrated in Figure 1. Palygorskite (ICCD 21-0958) and quartz
(ICCD 46-1045) phases were identified in the raw and acid-activated clays, as observed in
other studies [58–60]. Câmara et al. and Suarez et al. [39,58] reported that the palygorskite
can be classified into three types: Type I has similar Al and Mg contents and negligible
isomorphic substitutions (d200 < 6.35 Å); Type II is rich in Al contents and has a dioctahedral
character, and this is the most commonly found type (6.35 < d200 < 6.46 Å); and Type III
is rich in Mg contents and has a trioctahedral character (d200 > 6.46 Å). The Brazilian
palygorskite investigated in this work has a d200 equal to 6.39 Å; therefore, it belongs to
Type II.

 
Figure 1. X-ray diffraction (XRD) pattern of raw palygorskite and acid-treated palygorskite.

The XRD patterns indicated that the structure of the Brazilian palygorskite was not
significantly altered by the acid treatment. Quartz reflections remained stable due to
their insolubility in acidic solution [61–63]. Studies depicted the formation of amorphous
SiO2 because of the acid treatment [61,63,64]; however, no amorphous band [65,66] was
identified in the range of 2θ between 20 and 35◦ in the acid-treated Brazilian palygorskite.
The absence of an amorphous band can be attributed to the short acid-treatment time,
which was inefficient in destroying the tetrahedral crystalline sheet of palygorskite. On the
other hand, the reflections corresponding to dolomite (ICCD 36-0426) were not identified in
the XRD standards of the acid-treated samples, indicating the dissolution of this carbonate
with the acid treatment observed in other studies [64].

The chemical analysis (Table 2) showed that the palygorskite samples investigated
were mostly composed of SiO2, MgO, and Al2O3, which indicates the presence of hydrated
magnesium and aluminum silicate on this palygorskite mineral [61]. The raw palygorskite
had an R2+/R3+ ratio ≈1, but the acid-treated samples had an R2+/R3+ ratio ≈0.6. The
R2+/R3+ ratio ≈1 is related to the high amount of MgO in the sample due to dolomite
presence. After acid-treatment, dolomite was removed; thus, the more confident R2+/R3+

ratio ≈ 0.6 was obtained. This 0.6 ratio indicates that the studied sample had an interme-
diate dioctahedral and trioctahedral character, such as the other Brazilian palygorskite
already studied [44]. Palygorskite with such characteristics [44] presented a low adsorption
capacity for anionic dye.

19



Sustainability 2021, 13, 3954

Table 2. Chemical composition (wt%) of raw and acid-treated palygorskite.

Sample SiO2 MgO Al2O3 CaO Fe2O3 K2O
Other

Oxides

Pal 52.8 13.9 13.5 11.9 5.3 0.9 1.7
Pal-2M 69.3 8.3 13.5 0 5.2 0.9 2.8
Pal-4M 71.9 7.6 13.4 0 4.5 0.8 1.8
Pal-6M 73.4 7.1 13.4 0 4.0 0.8 1.2

The acid-treated samples (Pal-2M, Pal-4M, and Pal-6M) presented a progressive de-
crease in the MgO, Al2O3, and Fe2O3 contents (octahedral cations) with the rise in HCl
concentration. The decrease in the MgO, Al2O3, and Fe2O3 contents indicates that there
was leaching of Mg2+, Al3+, and Fe3+ ions in the treated samples because of the dissolution
of dolomite (contain MgO) [67] and the removal of ions of the octahedral sheet.

The extent of the leaching of Mg2+ and Fe3+ ions was higher than that of Al3+ ions.
According to the literature [32,62,68], the Mg2+ and Fe3+ cations are preferably located on
the edges of the octahedral sheets. Therefore, the Mg2+ and Fe3+ cations are the first ones
attacked by the H+ protons, which results in the most significant leaching [32,62,68]. The
higher leaching of octahedral sheet cations resulted in a more exposed silica sheet after
acid-treatment [63,64], which can influence the adsorption behavior of the final material.

After acid-treatment, the CaO content was reduced to zero, since the dolomite was
dissolved in an acidic medium [67], corroborating the XRD results. The decrease in K2O
content is due to the exchangeable cations being replaced by H+ ions during the acid
treatment [69,70].

The FTIR spectra data measured from the raw and acid-treatment Brazilian paly-
gorskite are shown in Figure 2. From the raw palygorskite, the observed 3612 cm−1 band
can be attributed to the Al-OH-Al stretching vibration and the 3578 cm−1 band was associ-
ated with the Al-Fe3+-OH or Al-Mg-OH stretching vibrations [64,71–73]. The 3541, 3374,
3268, and 1656 cm−1 bands were also detected and related to the zeolitic and coordinate
waters present in the palygorskite structure [42,74]. The calcite was related to bands that
appeared in 1439 and 729 cm−1 [75,76], and it became evident that there were carbonate im-
purities in the studied sample. The bands between 1190 and 975 cm−1 corresponded to Si-O
bond length. The 1190 and 642 cm−1 bands were considered palygorskite fingerprints and
referred to the asymmetric and symmetrical elongation of the Si-O-Si connections [77,78].
The 909 cm−1 band can be attributed to the Al-OH-Al deformation and was considered
a consequence of the palygorskite’s dioctahedral character [38,76]. The 877 cm−1 band
was related to the flexion vibration mode of the Al-Fe-OH bond [38]. The 580 cm−1 band
corresponded to the Si-O deformation vibration [77,79].

 

Figure 2. Fourier-transform infrared spectrometry (FTIR) spectra of the raw and acid-treated palygorskite.
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In Figure 2, it was observed that after acid-treatment, the bands referring to calcite
(1439 and 729 cm−1) and the 877 cm−1 band disappeared, while the intensities of the 1190
and 975 cm−1 bands increased. This was related to dolomite dissolution and Fe leaching
from the octahedral sheet. Octahedral cations are generally more susceptible to leaching
than the tetrahedral Si [80,81], which favors the intensity of Si-related bands.

Some mass-loss events were identified on TG analysis (Figure 3). The first event be-
tween 23–125 ◦C was related to the evaporation of water that was physically adsorbed [82],
and the values measured were equal to 6.5%, 9.4%, 8.4%, and 9.5% for the Pal, Pal-2M, Pal-
4M, and Pal-6M samples, respectively. The second event (125–230 ◦C) corresponded to the
coordinated and zeolitic water molecules located in the palygorskite’s channels [83]. The
percentages of mass loss measured for the second event were 2.3%, 3.4%, 2.5%, and 2.4%
for the Pal, Pal-2M, Pal-4M, and Pal-6M samples, respectively. The third event occurred
between 230–530 ◦C and presented a mass loss equal to 4.9%, 5.3%, 5.4%, and 5.1% to the
Pal, Pal-2M, Pal-4M, and Pal-6M samples, respectively. These mass losses can be attributed
to the dehydroxylation process and condensation of silanol and aluminol groups [39,84].
Only the Pal sample showed a mass loss (12.6%) between 530–720 ◦C. This thermal event
is related to dolomite decomposition [85]. The dolomite composition agreed with the
aforementioned chemical analysis, which showed that the acid-treatment released CaO
contents from the Brazilian palygorskite. The DTA curves presented endothermic peaks
in the same temperature range of the losses of mass observed in the TG curves. The DTA
peaks were attributed to the evaporation of physically adsorbed water molecules [86], the
release of zeolitic water molecules [87], the removal of coordinated water, the condensation
of surface groups [88], and the dolomite decomposition [89].

  

 

Figure 3. Thermogravimetric (TG) and differential thermal analysis (DTA) curves of the raw and acid-treated palygorskite.

The acid-treated samples presented endothermic peaks similar to those observed in the
raw palygorskite, except the peak related to the loss of mass of the dolomite decomposition,
which was not observed in the acid-treated samples because of the removal of this impurity.
The 4 M and 6 M acid-treated samples also presented a different loss of mass behavior
between 350 ◦C and 500 ◦C, with two peaks in TG instead of a broad band of mass loss, as
was observed in the raw and the 2 M acid-treated sample. This can be related to alterations
in the dehydroxylation kinetic process.

21



Sustainability 2021, 13, 3954

The specific surface area (SBET) and average pore diameter (Dp) of the raw and acid-
treated Brazilian palygorskite are listed in Table 3. After acid-treatment, the increase in
SBET can be explained because of the removal of carbonate impurities, leaching of cations
from the octahedral sheet, and disaggregation of particles [80,90]. However, when the
acid concentration increased from 4 M to 6 M, a small SBET reduction was observed. This
behavior can be related to a more pronounced collapse of the palygorskite channels [32,64].
Also, a decrease in Dp values was observed for the Pal-4M and Pal-6M samples, possibly
because, in high HCl concentrations, there is a partial collapse of the channels and a
decrease in pore size. However, Gonzalez et al. [91] reported developing a new pore system
with a smaller pore size in acid-treated palygorskite. This indicates that with the rise in
acid concentration, there is an increase in surface area due to a leaching of octahedral sheets
and the exposition of new reactive sites. At high acid concentration, the channels begin to
collapse, decreasing the average pore size.

Table 3. Specific surface area (SBET) and average pore diameter (Dp) of the raw and acid-
treated palygorskite.

Sample Specific Surface Area (m2/g) Average Pore Diameter (nm)

Pal 80.4 14.3
Pal-2M 141.2 15.2
Pal-4M 182.2 13.0
Pal-6M 176.9 13.3

3.2. Optimization of Adsorption Conditions
3.2.1. Effect of Dye Concentrations

The effect of the initial concentration of crystal violet (Ci
CV) and congo red (Ci

CR)
dyes on the adsorption capacity of raw and acid-treated Brazilian palygorskite is shown
in Figure 4a,b. Different CV and CR concentrations (2.5 to 200 mg/L) were tested for a
contact time equal to 360 min, pH 7, and clay samples with a weight of 20 mg. It was
observed that the adsorbed amount (qe) raised significantly as Ci

CV and Ci
CR increased.

This behavior is explained in terms of the greater probability of collision between the dye
molecules and the palygorskite surface. Besides, the increases in Ci

CV and Ci
CR contribute

to increasing the driving force at the solid–liquid interface that exceeds the mass transfer
resistance, implying an increase in the adsorption capacity [28].

Figure 4. Effect of initial concentration on the adsorption capacity of raw and acid-treated palygorskite for (a) CV and
(b) CR.

On the raw Brazilian palygorskite, the adsorption capacity values of the CV dye were
higher than those measured for the CR dye. Such behavior can be explained in terms of
the electrostatic attraction, since that raw palygorskite contains negative charges in its

22



Sustainability 2021, 13, 3954

surface [30,33]. The maximum CV adsorption capacity was: Pal-2M (82.1 mg/g) > Pal-4M
(69.4 mg/g) > Pal-6M (69.3 mg/g) > Pal (57.5 mg/g). Compared to the raw palygorskite,
the amount adsorbed increased by 43%, 21%, and 20.5% for the Pal-2M, Pal-4M, and Pal-6M
samples, respectively. This indicates that the adsorption performance of palygorskite for
CV was improved with the acid-treatment. The amount adsorbed by raw clay was similar
to the amount adsorbed by clay with R2+/R3+ ≈ 0.26 [41], with a dioctahedral character.
This indicates that clays with dioctahedral and dioctahedral-trioctahedral characters (as in
the case of this work) have a similar CV adsorption capacity.

The maximum CR adsorption capacity was: Pal (30.6 mg/g) > Pal-2M (22 mg/g) >
Pal-4M (20.9 mg/g) ≈ Pal-6M (20 mg/g). The lower adsorption capacity of the palygorskite
to the CR was attributed to the electrostatic repulsion between the negatively charged
surface and the negative nature of the CR dye [92]. Furthermore, Yang et al. [33] pointed
out that the leaching of Mg2+ and Ca2+ ions decreases the zeta potential of palygorskite
clay and reduces the anionic dyes’ absorptive capacity. This behavior can be explained in
terms of the exposition of silica negatively charged sites, which improved the adsorption
of the cationic CV dye, but reduced the CR adsorption capacity after acid treatment.

3.2.2. Effect of Contact Time

Figure 5a,b shows the amount of CV and CR adsorbed on the raw and acid-treated
samples as a function of contact time. CV and CR solutions with initial concentrations
of 50 mg/L, for a constant 20 mg clay sample mass and pH 7 were used to study the
adsorption kinetics. Initially, the CV adsorption was fast for all samples, achieving about
40% of adsorption in the first 30 min. This is due to the numerous active sites available on
the surface of the adsorbent in the early stages [45] and the strong electrostatic interaction
between the negatively charged palygorskite surface and the cationic CV [41]. When
equilibrium was reached in 240 min, the adsorption capacity and CV removal values were
26.02 mg/g and 52%, respectively. The Pal-2M, Pal-4M, and Pal-6M samples removed
approximately 92% (45.95 mg/g), 84% (42.1 mg/g), and 80% (40.38 mg/g) of the CV,
respectively. For the CR dye, the adsorption kinetics was slower, and in 30 min, less than
18% of the dye was removed. The equilibrium was achieved in 240 min with the removal
of 36.34% (18.17 mg/g), 25.12% (12.56 mg/g), 23.98% (11.99 mg/g), and 22% (11 mg/g) of
the CR dye for the Pal, Pal-2M, Pal-4M, and Pal-6M samples, respectively.

  
Figure 5. Effect of contact time on (a) crystal violet (CV) adsorption and (b) congo red (CR) adsorption on palygorskite
before and after acid treatment.

3.2.3. Effect of pH Variation

Figure 6a,b shows the effects of pH on the adsorption of CV and CR in the palygorskite
before and after acid treatment. The experiments were performed using 50 mg/L of the
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initial concentration of CV and CR solutions with the pH values from 3 to 11 for a contact
time of 360 min. The amount of adsorbed CV and CR depends on the initial pH of the
solution. As the pH increased from 3 to 11, the adsorbed amount of CV rose, while CR
decreased. In acidic media, the H+ ions present in the solution protonate the palygorskite
surface and the functional groups (–Si-OH) on its surface to –Si-OH2+. The competition
between H+ ions and the CV cationic dye for the adsorption sites, and the repulsive force
between the positively charged adsorbent surface and CV molecules, are considered the
factors responsible for the lower adsorption rate of CV at a low pH [93].

  

Figure 6. Effect of pH on (a) CV adsorption and (b) CR adsorption in palygorskite before and after acid treatment.

On the other hand, negatively charged CR molecules interacted electrostatically with
the positively charged surface of the adsorbent at low pH, presenting a higher rate of
adsorption [94]. In basic pH, OH− ions promote the deprotonation of the surface and
generate –Si-O− groups, which favor the adsorption of the positively charged CV [95]. In
addition to competing with OH− ions in basic pH, CR molecules are also repelled by the
negative surface of the adsorbent, which decreases the adsorption of this anionic dye [96].
At pH 11, the acid-treated samples showed a removal higher than 97% for CV. At pH 3, the
raw and acid-treated samples provided a removal higher than 50% for CR.

3.2.4. Effect of Adsorbent Dosage

Different amounts of adsorbents (10 to 40 mg) were used for the adsorption of 50 mg/L
of CV and CR. The experiments were performed at pH 7 for 360 min (see Figure 7a,b). When
a small amount of palygorskite was used, the adsorbed amount increased considerably
when the adsorbent mass increased from 10 to 40 mg. This can be attributed to the increase
in the adsorption sites available to remove CV and CR [40,97]. With 40 mg of adsorbent,
the CV removal rate reached 82.5%, 97.6%, 96.9%, and 96.6% for the Pal, Pal-2M, Pal-4M,
and Pal-6M samples, respectively. For the CR, the removal rate was 61.1%, 44.1%, 30.1%,
and 29.2% for the Pal, Pal-2M, Pal-4M, and Pal-6M samples, respectively.

In Figure 7a, more precisely for the Pal sample, an increase of 30% was observed on
the amount adsorbed for the adsorbent dosages between 20 and 30 mg. Such behavior
occurs because the carbonate presence probably causes the formation of the agglomerates
on the adsorbent. These agglomerates decrease the adsorption efficiency, because a greater
amount of interactions between the adsorbate and the absorbent are required for the
adsorption to be effective.
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Figure 7. Effect of adsorbent dosage on (a) CV adsorption and (b) CR adsorption in palygorskite before and after acid treatment.

3.2.5. Effect of Temperature

Figure 8 shows the temperature effect on the CV and CR removal at a temperature
range between 25–55 ◦C. For this, CV and CR solutions with initial concentrations of
50 mg/L and a 20 mg clay sample mass were used under pH = 7. The adsorbed amounts
of CV and CR increased slightly with temperature. Such behavior occurs because, at higher
temperatures, the kinetic energy of the dye molecules increases, which in turn increases
the collision rate of the dye and the clay [98]. Furthermore, the results imply that the CV
and CR adsorptions in the Pal, Pal-2M, Pal-4M, and Pal-6M samples are a predominantly
endothermic process, which means that the amount of dye adsorbed increases with higher
temperatures [99].

  

Figure 8. Effect of temperature on (a) CV adsorption and (b) CR adsorption in palygorskite before and after acid treatment.

3.3. Adsorption Isotherms

The isothermal adsorption data were adjusted to the Langmuir and Freundlich models
(Figure 9a,d and Table 4). Through the values of the correlation coefficients (R2) and the
errors, it was observed that the Langmuir model better described the CV adsorption process.
In contrast, the CR adsorption was better adjusted to the Freundlich model. The best fit of
the experimental data of CV to the Langmuir model suggests that their adsorption occurs
mainly via the chemisorption process, with monolayer adsorption on the palygorskite
surface [39,52,100]. This was not the case for CR adsorption, where Freundlich was a much
better fit. This indicates that CR adsorption on the raw and acid-treated palygorskite occurs
on a heterogeneous surface with the formation of multiple layers [101,102]. These data
agree with a negative palygorskite surface that favors the chemisorption of cationic dyes,
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such as CV, and the interaction in specific positively charged sites of anionic dyes, such as
CR, results in heterogeneous adsorption.

  

  
Figure 9. Linear adjustment for CV adsorption and CR adsorption data according to the (a,b) Langmuir and (c,d) Fre-
undlich models.

Table 4. Parameters of Langmuir and Freundlich isothermal models for CV adsorption and CR adsorption.

CV CR

Models Pal Pal-2M Pal-4M Pal-6M Pal Pal-2M Pal-4M Pal-6M

Langmuir
qmax(mg·g−1) 60.2 83.3 69.9 69.0 30.3 25.3 22.2 21.3
KL (L·mg−1) 0.05 0.20 0.17 0.15 0.06 0.04 0.03 0.03

RL 0.09 0.03 0.02 0.03 0.08 0.11 0.14 0.14
R2 0.967 0.976 0.990 0.975 0.956 0.967 0.966 0.955

Error 0.07 0.04 0.02 0.05 1.31 1.75 1.99 2.83

Freundlich
1/n 031 0.31 0.30 0.30 0.43 0.44 0.43 0.43

Kf (mg1−1/n·Kg−1·L1/n) 11.0 19.8 18.1 17.3 3.48 2.75 2.70 2.69
R2 0.959 0.844 0.871 0.884 0.971 0.989 0.989 0.961

Error 0.09 0.08 0.06 0.06 0.03 0.01 0.01 0.02

3.4. Adsorption Kinetics

Figure 10a,d and Table 5 show the results obtained from adjusting the kinetic data of
CV and CR adsorption to the pseudo-first-order and pseudo-second-order models. The
experimental data were better adjusted to the pseudo-second-order model because the R2

values were the closest to 1 (R2 > 0.990). The calculated qe agreed with the experimental data

26



Sustainability 2021, 13, 3954

(qexp). These results indicate that adsorption in palygorskite samples can be determined
mainly by chemisorption, involving the sharing or transfer of electrons [103,104].

  

  
Figure 10. Linear adjustment of (a,b) pseudo-first-order and (c,d) pseudo-second-order kinetic models for CV adsorption
and CR adsorption.

Table 5. Kinetic parameters of pseudo-first-order and pseudo-second-order models for CV adsorption and CR adsorption.

CV CR

Models Pal Pal-2M Pal-4M Pal-6M Pal Pal-2M Pal-4M Pal-6M

Pseudo-first-order
qe,exp (mg.g−1) 25.97 45.98 42.08 40.36 18.17 12.56 11.99 11.01
qe,cal (mg.g−1) 77.31 194.17 126.30 112.06 126.46 208.40 190.55 199.52

k1 (min−1) 0.02 0.04 0.02 0.02 0.02 0.02 0.01 0.02
R2 0.902 0.856 0.935 0.918 0.859 0.953 0.906 0.901

Error 0.51 5.17 0.53 0.81 2.67 3.96 7.26 4.66

Pseudo-second-order
qe,cal (mg.g−1) 26.76 46.95 44.62 42.52 20.02 15.46 14.71 13.01

k2 (min−1) 3.87 2.74 1.05 1.17 0.04 0.02 0.02 0.02
R2 0.999 0.999 0.996 0.996 0.998 0.992 0.991 0.993

Error 0.07 0.02 0.21 0.27 1.70 0.72 0.77 0.86

3.5. Adsorption Thermodynamics

The ΔH and ΔS values were calculated from the slope and intercept of the ln Kd
versus 1/T plot (Figure 11a,b). The ΔH, ΔS, and ΔG (Equation (8)) values are listed in
Tables 6 and 7. Adsorption processes with positive ΔH values are predominantly endother-
mic [42]. Therefore, from experimental data shown in Tables 6 and 7, it is easy to conclude
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that CV and CR dyes’ adsorption processes in the Pal, Pal-2M, Pal-4M, and Pal-6M samples
are predominantly endothermic. The negative ΔG values measured indicated that the
adsorption of both dyes in the samples studied was viable and spontaneous thermody-
namically [57]. In addition, the positive ΔS values indicated an increased randomness and
disorder of the adsorbent surface after adsorption [105].

 

Figure 11. Van’t Hoff plot for the removal of (a) CV and (b) CR dyes.

Table 6. Thermodynamic parameters for the adsorption of CV dye in the palygorskite samples.

Sample
ΔG (kJ mol−1)

ΔH (kJ mol−1) ΔS (J k−1 mol −1)
298 K 308 K 318 K 328 K

Pal −0.17 −0.20 −0.32 −0.41 0.27 0.97
Pal-2M −6.07 −6.83 −7.82 −8.23 1.98 9.11
Pal-4M −4.75 −5.01 −5.29 −5.81 0.63 4.02
Pal-6M −3.91 −4.25 4.47 −4.82 0.62 3.67

Table 7. Thermodynamic parameters for the adsorption of CR dye in the palygorskite samples.

Sample
ΔG (kJ mol−1)

ΔH (kJ mol−1) ΔS (J k−1 mol −1)
298 K 308 K 318 K 328 K

Pal −1.41 −1.56 −1.69 −1.83 0.49 1.11
Pal-2M −0.82 −0.95 −1.03 −1.09 0.54 0.76
Pal-4M −0.77 −0.84 −0.92 −0.95 0.37 0.11
Pal-6M −0.69 −0.77 −0.85 −0.89 0.54 0.54

3.6. Characterization after Adsorption

The FTIR spectra acquired from the Pal and Pal-2M samples before and after the
adsorption of CV and CR are shown in Figure 12a,b. After the CV dye’s adsorption on
the Pal and Pal-2M samples (Figure 12a), new bands were detected at 1588 cm−1 and
1366 cm−1. These bands were due to the stretching vibrations C=C and C-N that are
characteristic of the CV dye [106,107]. Such bands confirm the removal of the CV dye
molecules from the aqueous solution after adsorption by chemisorption [108].

Figure 12b shows that the FTIR spectra measured from the Pal and Pal-2M samples did
not change significantly after CR’s adsorption. This indicates that there was no breakage or
formation of new bonds after adsorption, suggesting the occurrence of physical adsorption
(physisorption) in the adsorption of the CR dye [14].
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(a) (b) 

Figure 12. FTIR spectra of the Pal and Pal-2M samples before and after the adsorption of (a) CV and (b) CR dyes.

The different chemical structures of the dyes result in different forms of bonding on
the adsorbent’s surface [33]. Figure 13 illustrates the interaction of the CV and CR dye
molecules on the palygorskite surface. The positively charged CV molecules are likely
to bind almost perpendicular to the clay surface. Conversely, negatively charged CR
molecules are likely to bind perpendicularly to the surface. Thus, the molecular structure
of the dye also influences the adsorption capacity of the adsorbent.

Figure 13. Schema of the interaction between the raw and acid-treated palygorskite surface and CV and CR dyes.

3.7. Regeneration Study

To evaluate the reuse of the Pal and Pal-2M samples, 1 M of CH3COOH was used to
regenerate the adsorbent adsorption sites. After desorption, the regenerated adsorbent was
reused for four cycles. The results are shown in Figure 14a,b. Figure 14a shows the effect of
regeneration on the adsorption capacity of Pal and Pal-2M samples for CV removal. After
four cycles, the decrease in CV removal efficiency was less than 20% for both samples,
going from 52% to 30% and from 92% for 76% for Pal and Pal-2M, respectively. Figure 14b
shows the effect of regeneration on the adsorption capacity of the Pal and Pal-2M samples
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for CR removal. After four cycles, the decrease in CR removal efficiency was also less than
20% for both samples, going from 36% to 20% and from 25% for 10% for the Pal and Pal-2M
samples, respectively.

  

Figure 14. Reusability of the Pal and Pal-2M in four cycles for the removal (a) CV and (b) CR dyes.

The decrease in the efficiency of Pal and Pal-2M for removing CV and CR dyes occurs
due to the dye molecules not being completely released by desorption; some of them may
have remained, resulting in repulsive forces for the new dye molecules [99].

3.8. Comparison with Other Adsorbents

Figure 15 compares the maximum amount of CR dye adsorbed in the raw and acid-
treated Brazilian palygorskite (Pal, Pal-2M, Pal-4M, and Pal-6M) with works published
elsewhere that worked with other adsorbents. For example, the Zn/SiO2 composite
presented a maximum amount of CR adsorbed equal to 83 mg/g [109]; the maximum
amount of CR absorbed by chitosan hydrogels was 44.2 mg/g [110], by kaolin it was
5.94 mg/g [111], and by amino-functionalized silica gel it was 10 mg/g [112]. These
experimental results indicate that the Brazilian palygorskite has a competitive adsorption
capacity for the CR dye.

 

Figure 15. Comparison of the adsorption capacity of different adsorbents for the CR.

Compared with the Pal sample, the Pal-2M, Pal-4M, and Pal-6M samples presented
higher CV adsorption capacities. The Pal-2M presented a high adsorption capacity
(82.1 mg/g). CV adsorption studies accomplished with others adsorbents presented
the following CV adsorption capacities (Figure 16): chitosan-graphite oxide-modified
polyurethane (1.98 mg/g) [113], titanate nanotubes (8.36 mg/g) [114], nano mesocellular
foam silica (6.64 mg/g) [115], Moroccan clay (17.05 mg/g) [116], magnetically modified ac-
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tivated carbon (67.1 mg/g) [117], Chinese palygorskite treated with HCl [33] (180.24 mg/g)
and Oman palygorskite (70 mg/g) [41]. Palygorskites from different regions showed
better CV adsorption performances when compared to synthetic adsorbents. The Pal-2M
sample showed a lower CV adsorptive capacity when compared to acid-treated Chinese
palygorskite [33]. Even so, it presented an adsorption capacity superior to that of other
adsorbents found in the literature. This depicts the potential of acid-treated Brazilian
palygorskite to be used in the treatment of dye-contaminated wastewater.

 

Figure 16. Comparison of the adsorption capacity of different adsorbents for the CV.

Clays are materials with the potential to green the world of materials in the 21st
century because of their sustainable character [93]. Thus, the acid-treated palygorskite is a
sustainable alternative for the treatment of water contaminated with dyes. The modification
technique used in this work is simple, relatively economical, easy to operate, and able to
produce adsorption capacities equivalent to those obtained using complex and expensive
methods and non-sustainable adsorbent materials. However, only raw palygorskite, as
observed in other works, does not seem to be the most efficient adsorption material.
The acid-treated palygorskite is an interesting alternative to produce efficient adsorption
systems to treat dye-contaminated water.

4. Conclusions

In this study, the crystal violet (CV) adsorption and congo red (CR) dyes on raw and
acid-treated Brazilian palygorskite were successfully evaluated. Experiments of chemical
analysis, X-ray diffraction, and FTIR showed that the acid treatment used did not destroy
the structure of the studied dioctahedral-trioctahedral character palygorskite. Adsorption
behavior was not directly associated with BET, and samples treated with the lowest acid
concentration solution (2M) showed good efficiency for the cationic dye’s adsorption.
In basic pH, the acid-treated sample removed almost all the CV dye (97%). In acid pH,
the removal of the CR dye was greater than 50%. From a thermodynamics viewpoint,
the CV and CR dyes are predominantly endothermic, viable, and spontaneous. The
FTIR spectra performed after the CV dye’s adsorption on the Pal and Pal-2M samples
identified the appearance of new bands at 1588 cm−1 and 1366 cm−1, respectively. Such
bands confirm the removal of the CV dye molecules from the aqueous solution after
adsorption by chemisorption. On the other hand, the FTIR spectra measured from the Pal
and Pal-2M samples after adsorption of the CR dye indicated that there was no breakage or
formation of new bonds after adsorption, suggesting the occurrence of physical adsorption
(physisorption) in the adsorption of the CR dye. The adsorbents derived from Brazilian
palygorskite proved to be promising candidates for removing cationic and anionic dyes
from water.
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Abstract: Motivated by environment preservation, the increased use of eco-friendly materials such
as biodegradable polymers and biopolymers has raised the interest of researchers and the polymer
industry. In this approach, this work aimed to produce bioblends using poly (lactic acid) (PLA)
and high-density biopolyethylene (BioPE); due to the low compatibility between these polymers,
this work evaluated the additional influence of the compatibilizing agents: poly (ethylene octene)
and ethylene elastomer grafted with glycidyl methacrylate (POE-g-GMA and EE-g-GMA, respec-
tively), polyethylene grafted with maleic anhydride (PE-g-MA), polyethylene grafted with acrylic
acid (PE-g-AA) and the block copolymer styrene (ethylene-butylene)-styrene grafted with maleic
anhydride (SEBS-g-MA) to the thermal, mechanical, thermomechanical, wettability and morpho-
logical properties of PLA/BioPE. Upon the compatibilizing agents’ addition, there was an increase
in the degree of crystallinity observed by DSC (2.3–7.6% related to PLA), in the thermal stability
as verified by TG (6–15 ◦C for TD10%, 6–11 ◦C TD50% and 112–121 ◦C for TD99.9% compared to PLA)
and in the mechanical properties such as elongation at break (with more expressive values for the
addition of POE-g-GMA and SEBS-g-MA, 9 and 10%, respectively), tensile strength (6–19% increase
compared to PLA/BioPE bioblend) and a significant increase in impact strength, with evidence of
plastic deformation as observed through SEM, promoted by the PLA/ BioPE phases improvement.
Based on the gathered data, the added compatibilizers provided higher performing PLA/BioPE.
The POE-g-GMA compatibilizer was considered to provide the best properties in relation to the
PLA/BioPE bioblend, as well as the PLA matrix, mainly in relation to impact strength, with an
increase of approximately 133 and 100% in relation to PLA and PLA/BioPE bioblend, respectively.
Therefore, new ecological materials can be manufactured, aiming at benefits for the environment and
society, contributing to sustainable development and stimulating the consumption of eco-products.

Keywords: poly (lactic acid); high-density biopolyethylene; bioblends; compatibilization

1. Introduction

Motivated by the great research growth of biodegradable and polymers obtained
from renewable sources (biopolymers), the study and production of bioblends have gained
attention from both industry and polymer scientists, due to its eco-friendly character, as well
as the search for new properties, providing new systems with improved performance [1–3].
However, due to the interaction deficiency in the polymer blends, immiscible mixtures
are often obtained, exhibiting coarse morphology poorly distributed in the matrix, as also
low interfacial adhesion between the phases. Therefore, compatibilization is necessary to
modify the interfacial properties of these mixtures, leading to interfacial tension reduction
and lower coalescence levels [4–11].
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Biodegradable and biopolymers have found a rightful place in the polymer industry
due to increased environmental attention, as well as the vast versatility to be used in a range
of applications such as biomedical items, packaging and general goods for instance [12,13].
Due to its ability to replace material obtained from non-renewable sources, with high elastic
modulus and tensile strength, PLA is the thermoplastic aliphatic polyester among those
most studied biodegradable polymers in the last 20 years. Nevertheless, limitations are
verified, including low elongation at break and impact strength, low toughness which limit
its use in some applications [12,14–17].

Among the biopolymers, biopolyethylene (BioPE), produced by the Brazilian petro-
chemical Braskem, since 2010, has gained prominence for being considered a technological
innovation, due to the reduced dependence on fossil materials, as it comes from sugar cane,
as also by the CO2 absorption from the atmosphere during the production cycle, being
chemically and displaying equivalent properties to petroleum-based polyethylene [18–20].

Literature reports works based on the production and characterization of PLA/PE
blends [21–27]. Ferri et al. [27] studied PLA/BioPE (80/20) bioblends compatibilized with
ethylene vinyl acetate (EVA), polyvinyl alcohol (PVA) and dicumyl peroxide (DCP). Due
to immiscibility, the binary blend has reduced mechanical properties compared to PLA,
however, upon the addition of three compatibilizers (EVA, PVA and DCP), interactions
were improved, and as a consequence, properties increase, such as elongation at break and
impact strength. Nevertheless, works based on poly (lactic acid)/high-density polyethylene
bioblends from sugarcane together with compatibilizers addition such as POE-g-GMA, EE-
g-GMA and SEBS-g-MA are still scarce in the specialized literature, making this research
topic pertinent.

With a more demanding society for new green technologies, sustainable consumption
is increased by ecological materials. It is a practice related to the acquisition of eco-products
that aim to minimize impacts on the environment and, at the same time, maintaining the
ecological balance on our planet. In recent years, environmentally responsible practices
have become part of the strategy of large companies in the field of polymer technology. In
view of the positive contribution to sustainability, bioblends are being developed, aiming at
a more sustainable environmental cycle. These are manufactured based on materials from
proper environmental sources, with clean production technologies and using renewable
sources. Therefore, the environmental, social and economic aspects are justifications for
researching the production of these ecological materials.

Based on the above mentioned, the objective of this work was producing PLA/BioPE
bioblends compatibilized with several agents, i.e., poly (ethylene octene) grafted with gly-
cidyl methacrylate (POE-g-GMA), ethylene elastomer grafted with glycidyl methacrylate
(EE-g-GMA), polyethylene grafted with maleic anhydride (PE-g-MA), polyethylene grafted
with acrylic acid (PE-g-AA) and the block copolymer styrene-(ethylene-butylene)-styrene
grafted with maleic anhydride (SEBS-g-MA), and evaluating the effect of each compatibi-
lizer in the thermal, mechanical, thermomechanical, wettability and morphology properties
of produced bioblends.

2. Methodology

2.1. Materials

Poly (lactic acid) from NatureWorks as pellets with a density of 1.24 g/cm3. High-
Density Polyethylene I’m green SHC7260, from Braskem as pellets with density 0.959 g/cm3,
and melting flow rate (MFR) 7.2 g/10 min (190 ◦C/2.16 kg). As compatibilizing agents:
Poly (ethylene octene) grafted with 0.8% glycidyl methacrylate (POE-g-GMA) with trade
name Coace W5B from Xiamen Coace Plastic Technology, with density 0.91 g/cm3 and
3 < MFR < 8 g/10 min; Ethylene elastomer grafted with 0.8% glycidyl methacrylate (EE-
g-GMA), trade name Coace W5D, with density 0.92 g/cm3 and 8 < MFR < 16 g/10 min
from Xiamen Coace Plastic Technology; Polyethylene grafted with 1.5–1.7% Maleic An-
hydride (PE-g-MA) marketed as Polybond 3029, MFR 4 g/10 min supplied by Addivant;
Polyethylene grafted with 5.5–6.5% Acrylic Acid (PE-g-AA) marketed as Polybond 1009,
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MFR 5 g/10 min supplied by Addivant, and styrene(ethylene-butylene)-styrene function-
alized block copolymer with 1.7% maleic anhydride (SEBS-g-MA) marketed as Kraton®

FG1901G with MFR 5 g/10 min (200 ◦C/5 kg), supplied by the Kraton Polymers Group
of Companies.

2.2. Bioblends Processing

Processed bioblends with compositions and codes are shown in Table 1. Initially,
bioblends components were manually cold-mixed in order to promote greater homogeniza-
tion, then extruded using a co-rotational, interpenetrating, modular ZSK model twin-screw
extruder (D = 18 mm and L/D = 40), Werner-Pfleiderer, Coperion (Stuttgart, Germany).
The processing parameters are shown in Table 2. The screw profile used was configured
with distributive and dispersive modules, for better mixture homogeneity.

Table 1. Compositions of binary and compatible bioblends with mass proportion (%).

Samples PLA (%)
BioPE

(%)
POE-g-GMA

(%)
EE-g-GMA

(%)
PE-g-MA

(%)
PE-g-AA

(%)
SEBS-g-MA

(%)

PLA 100 - - - - - -
BioPE - 100 - - - - -

PLA/BioPE 70 30 - - - - -
PLA/BioPE/POE-g-GMA 70 20 10 - - - -
PLA/BioPE/EE-g-GMA 70 20 - 10 - - -
PLA/BioPE/PE-g-MA 70 20 - - 10 - -
PLA/BioPE/PE-g-AA 70 20 - - - 10 -

PLA/BioPE/SEBS-g-MA 70 20 - - - - 10

Table 2. Applied parameters during extrusion and injection processing.

Parameters

Extrusion Injection

Feed rate (kg/h) 3 Injection and hold pressing (bar) 800 and 500

Temperature profile (◦C)
170, 170, 175, 175, 175, 180,

180 Temperature profile (◦C) 170, 175, 175, 180, 180

Screw rate (rpm) 250 Mold temperature (◦C) 20

The extruded was pelletized and vacuum dried at 60 ◦C for 24 h. Afterwards, spec-
imens were injection molded using an Arburg Model Allrounder 207C Golden Edition
injection molding machine (Radevormwald, Germany). Tensile, impact, and heat deflection
temperature (HDT) specimens were molded according to ASTM D638 (Type I), ASTM
D256, and ASTM D648, respectively. Table 2 presents applied parameters during extrusion
and specimen injection.

2.3. Characterizations

Differential scanning calorimetry (DSC) analyses were carried out using a TA In-
struments DSC-Q20 (New Castle, United States), and samples were heated from room
temperature (~23 ◦C) to 200 ◦C, at 10 ◦C/min, under a nitrogen atmosphere with gas flow
50 mL/min. Tested samples were approximately 5 mg weight. The degree of crystallinity
(Xc) of produced samples was calculated according to Equation (1) [28]:

Xc(%) =
ΔHm − ΔHcc

W × ΔHo
m

× 100 (1)

where: ΔHm is the melting enthalpy of PLA and BioPE; ΔHcc is the cold crystallization
enthalpy; ΔHo is equilibrium melting enthalpy, where 100% crystalline PLA is 93.7 J/g [29],
and 100% crystalline BioPE is 290 J/g [30]; W is the matrix content.
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Plots of molten fraction and melting rate were acquired through DSC peaks integration
using INTEGRAL software, and Equations (2)–(4). The molten fraction (x) as time function (t)
is given by the area between (J) and a virtual baseline during the event (J0), defined as the
straight line between the start and end points, where E0 is the total latent heat of the phase
change; and t1 and t2 are the start and end times of the event, respectively [31–33]:

x(t) =
1

E0

∫ t

t1

∣∣J( t′
)− J0

(
t′
)∣∣dt′ (2)

where:

E0 =
∫ t2

t1

|J(t)− J0(t)|dt (3)

Molten fraction can be expressed as temperature function (T), knowing the linear
relationship between time and temperature during the event: T = T1 + ϕ (t − t1), where
T1 is the sample temperature at the initial point t1, τ = t − t1 is the time measured since
the event start, and ϕ = dT/dt is the heating/cooling rate (constant) during the event.
Therefore, the melting rate (Cm) can be given by Equation (4), from which the melting rate
was computed [31–33]:

cm =
dx
dt

=
|J(t)− J0(t)|

E0
(4)

Thermogravimetry (TG) analyses carried out in a TA Instruments SDT Q600 simulta-
neous TG/DSC device (Kyoto, Japan) employing samples with 5 mg, heated from room
temperature (~23 ◦C) to 500 ◦C, the heating rate was 10 ◦C/min and nitrogen flow rate of
100 mL/min.

Tensile test was performed on injected specimens according to ASTM D638 using an
EMIC DL 2000 (São José dos Pinhais, Brazil) universal testing machine with an elongation
rate of 50 mm/min and load cell of 20 kN at room temperature (~23 ◦C). Presented results
are an average of ten specimens.

Izod impact strength measurements were performed based on ASTM D256-97 using
notched specimens in a Ceast Resil 5.5 J device (Turin, Italy) operating with 2.75 J hammer
at room temperature (~23 ◦C). Presented results are an average of ten specimens.

Heat deflection temperature (HDT) was evaluated according to ASTM D648, in a
Ceast model HDT 6 VICAT (Turin, Italy) with a voltage of 1.82 MPa, and heating rate
120 ◦C/h (method A). HDT was determined after specimen deflecting 0.25 mm. Presented
results are an average of three specimens.

Vicat softening temperature (VST) test carried out according to the ASTM D1525
standard, in Ceast equipment (Turin, Italy), model HDT 6 VICAT/N 6921.000, at a heating
rate of 120 ◦C/h. VST was determined after the needle penetrating 1 mm into the specimens.
Reported results are an average of three experiments.

Shore D hardness test carried out according to the ASTM D2240 standard, on Shore-
Durometer Hardness Type “D” Woltest (São Paulo, Brazil), with 50 N load controlled
by calibrated springs using standardized indenters. Reported results are an average of
five experiments.

The contact angle analysis was performed using the sessile drop method, using a
portable contact angle; model Phoenix-i from Surface Electro Optics–SEO (Gyeonggi-do,
South Korea). The drop was deposited on impact specimens using a micrometric meter;
the image was captured and analyzed through the equipment software.

Scanning electron microscopy (SEM) images were captured on the fractured surface
from the impact test. A scanning electron microscope, VEGA 3 TESCAN (Brno, Czech
Republic), at a voltage of 30 kV under a high vacuum was used. Fractured surfaces were
gold coated.
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3. Results and Discussion

3.1. Differential Scanning Calorimetry (DSC)

DSC scans acquired during cooling and second heating for PLA, BioPE, PLA/BioPE
and compatibilized bioblends are displayed in Figure 1 and the computed parameters are
informed in Table 3.

Figure 1. DSC scans acquired during the second heating (A) and cooling (B) of PLA, BioPE,
PLA/BioPE and compatibilized bioblends.

Table 3. Melting and crystallization parameters of investigated samples.

Samples
Tg

(◦C)
Tm

1

(◦C)
Tm

2

(◦C)
ΔHm

1

(J/g)
ΔHm

2

(J/g)
Xc

(%)
Tcc

(◦C)
ΔHcc

(J/g)
Tc

(◦C)

PLA 61 150.4 - 24.5 - 3.9 115.4 20.8 -
BioPE - - 136.8 - 176.1 60.1 - - 113.6

PLA/BioPE 61 150.7 134.3 13.4 39.7 9.4 114.8 7.2 113.9
PLA/BioPE/POE-g-GMA 60 152.7 132.1 16.5 26.1 9.3 117.3 10.4 115
PLA/BioPE/EE-g-GMA 59 151.4 131.3 16.1 27.1 6.2 114.7 12 113.8
PLA/BioPE/PE-g-MA 60 151.6 132.5 19 32.8 11.4 114.7 11.5 116.1
PLA/BioPE/PE-g-AA 61 151.9 133.2 15.4 32.7 10.9 115.8 8.3 115.9

PLA/BioPE/SEBS-g-MA 60 152.7 133.1 16.5 23.1 11.5 120.4 8.9 116.8

Tg is the glass transition temperature; Tm
1 PLA melting peak temperature; Tm

2 BioPE melting peak temperature; ΔHm
1 PLA melting

enthalpy; ΔHm
2 BioPE melting enthalpy; Xc degree of crystallinity; Tcc cold crystallization temperature; ΔHcc cold crystallization enthalpy;

Tc melting crystallization temperature.

For PLA during heating, from the glass transition temperature (Tg) around 57–62 ◦C,
an exothermic peak immediately before melting originating from the cold crystallization
of the disordered α phase, then an endothermic peak ranging from 115.4 to 150.4 ◦C is
observed in Figure 1A [34]. DSC scans of BioPE samples show the endothermic peak due
to the melting with peak temperature at 136.8 ◦C, and the exothermic peak during cooling
due to the melting crystallization with the temperature at 113.6 ◦C [35]. For PLA/BioPE
samples, DSC scans displayed the exothermic and endothermic peaks characteristic of
the individual polymers, whether compatibilized or not. The degree of crystallinity was
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evaluated through Equation (1); the results are presented in Table 3 together with associated
parameters of the phase transitions.

PLA presented a low degree of crystallinity, i.e., Xc 3.9% whereas for BioPE high values
were computed, i.e., Xc 60.1%. For bioblends, Xc increased, suggesting that the presence of
BioPE increases the mobility of PLA chains, as well as the addition of compatibilizers, in
response to the interactions developed between the macromolecular chains of PLA, BioPE
and the compatibilizers, which tend to increase miscibility of samples [27].

Figure 2 illustrates the molten fraction and melting rate of the PLA-rich phase as
temperature function. Parameters T0.01, T0.99 and Cmax are shown in Table 4.

 
Figure 2. Molten fraction (A) and Melting rate (B) of investigated samples.

Table 4. Computed parameters from Figure 2 for the investigated samples.

Samples
T0.01

(◦C)
T0.99

(◦C)
Cmax

(min−1)

PLA 139.8 160.2 1.19
PLA/BioPE 142.9 159.9 1.22

PLA/BioPE/POE-g-GMA 140.4 160.4 1.35
PLA/BioPE/EE-g-GMA 140.6 161.1 1.15
PLA/BioPE/PE-g-MA 140.5 162.1 1.11
PLA/BioPE/PE-g-AA 141.8 161.3 1.21

PLA/BioPE/SEBS-g-MA 140.5 160.5 1.40
T0.01 initial melting temperature; T0.99 final melting temperature; Cmax maximum melting rate.

Molten fraction displayed a sigmoidal character suggesting that the phase transition
took place without discontinuities. In general, bioblends displayed subtle higher T0.01
related to PLA. For T0.99, there is a maintenance in relation to the neat PLA, with small
increases for the compatibilized bioblends in relation to the binary bioblend. Regarding the
melting rate Figure 2B, the bioblends compatibilized with POE-g-GMA and SEBS-g-MA
showed the highest maximum melting rate (Cmax) results both in relation to neat PLA and
also to PLA/BioPE.

3.2. Thermogravimetry (TG)

Figure 3 presents TG plots of investigated samples and computed parameters from
these plots are displayed in Table 5.
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Figure 3. TG plots of investigated samples.

Table 5. TD10%, TD50% and TD99.9% parameters under inert atmosphere (N2) and heating rate
10 ◦C/min.

Samples TD10% (◦C) TD50% (◦C) TD99.9% (◦C)

PLA 320 350 373
BioPE 395 455 496

PLA/BioPE 326 358 485
PLA/BioPE/POE-g-GMA 327 358 490
PLA/BioPE/EE-g-GMA 328 361 487
PLA/BioPE/PE-g-MA 335 356 488
PLA/BioPE/PE-g-AA 335 356 487

PLA/BioPE/SEBS-g-MA 329 356 494
TD10% = temperature for 10% of decomposed material. TD50% = temperature for 50% of decomposed material.
TD99.9% = temperature for 99.9% of decomposed material.

From Figure 3 it is observed that neat polymers presented a single decomposition
step, around 300–373 ◦C for PLA [36–38], and 350–496 ◦C for BioPE [35]. For PLA/BioPE
bioblend, two decomposition steps were verified, where each decomposition step is char-
acteristic of the individual polymer, i.e., PLA and BioPE. The compatibilized bioblends
presented similar behavior to PLA/BioPE, however, as shown in Table 5, there was a
subtle increase in TD10% and TD99.9%, and small decrease in TD50% for the compatibilized
samples with PE-g-MA, PE-g-AA and SEBS-g-MA. It is worth noting that all bioblends
had TD10%, TD50% and TD99.9% greater than neat PLA, with PLA/BioPE/PE-g-MA and
PLA/BioPE/PE-g-AA bioblends having the highest values of TD10% (335 ◦C), the bioblend
PLA/BioPE/EE-g-GMA with the highest TD50% (361 ◦C) and PLA/BioPE/SEBS-g-MA
with the highest TD99.9% (494 ◦C).

Therefore, gathered results indicate that the compatibilizing agents’ addition to
PLA/BioPE bioblend tends to improve the thermal stability not only in relation to PLA,
but also to the binary bioblend, with improvement and/or maintenance of TD10%, TD50%
and TD99.9% as reported.

3.3. Tensile Test

Elastic modulus data acquired under tension are illustrated in Figure 4. PLA and
BioPE had an elastic modulus of 1221 and 376 MPa, respectively, with PLA having the
highest stiffness [37,38], and BioPE increased flexibility, results corroborating these are
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shown later on for impact strength. PLA/BioPE due to the addition of 30% of a ductile
material to PLA matrix, displayed decaying of 26.8% on the material’s stiffness compared
to PLA, i.e., it presented 893 MPa. In general, upon compatibilizing agent addition, the
results were quite similar to PLA/BioPE, similar to those observed by Ferri et al. [27].

Figure 4. Elastic Modulus of investigated samples.

Figure 5 shows collected results for tensile strength. It is verified that PLA and BioPE
have the highest and lowest tensile strength, respectively, i.e., 60 and 21 MPa, which are
expected due to the fact that PLA has brittle material character requiring high stress to
fracturing, while BioPE has ductile character. For PLA/BioPE bioblend (32 MPa), there
was a considerable decrease compared to PLA, due to the addition of less rigid material, as
well as due to poor adhesion between the phases of the system [39]. It may be observed
that upon addition of the compatibilizers POE-g-GMA, EE-g-GMA, PE-g-MA, PE-g-AA
and SEBS-g-MA, there was an increase in tensile strength, when compared to PLA/BioPE
bioblends, for 38, 35, 39, 35 and 38 MPa, respectively, being directly linked to better
adhesion between the phases present in the system, corroborating the impact strength
results and the SEM images, which will be noted in later sections.

Figure 6 shows acquired results for the elongation at break of investigated samples.
Differences are observed in relation to PLA/BioPE without and with compatibilizing
agents. PLA/BioPE presented an elongation at break of 6.9%, bioblends compatibilized
with POE-g-GMA, EE-g-GMA, PE-g-MA, PE-g-AA and SEBS-g-MA presented values of
9%, 8.7%, 8.3%, 8% and 10%, respectively. The increase in this property is related to the
improvement in the stress transfer between the matrix and the dispersed phase of studied
systems, due to the improvement in the interactions among the chemical groups present
in the compatibilizers, showing its effectiveness [40,41]. These results corroborate those
presented later on for impact strength, where the addition of POE-g-GMA, EE-g-GMA and
SEBS-g-MA presented the best impact strengths, as well as higher elongations at break.
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Figure 5. Tensile strength of investigated samples.

Figure 6. Elongation at break of investigated samples.

3.4. Impact Strength

Figure 7 illustrates the impact strength results obtained for the investigated samples.
PLA displayed a typical fragile character with low energy dissipation with an impact
strength of 27 J/m, which is in agreement with those already reported [12,14–16,27,38,42,43],
and corroborated through SEM images later on presented (Figure 11). BioPE presented
a typical ductile character with an impact strength of approximately 98 J/m [35]. Upon
addition of 30% BioPE to PLA, there was an increase of 20% for PLA/BioPE related to PLA,
even with the poor adhesion between the phases (see Figure 11).
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Figure 7. Impact strength of investigated samples.

For the compatibilized bioblends, impact strength increased with the addition of
POE-g-GMA, EE-g-GMA and SEBS-g-MA, and remained unchanged with the addition
of PE-g-MA and PE-g-AA. For compatibilizers grafted with GMA there was an increase
of 100% for POE-g-GMA (~64 J/m) and approximately 30% for EE-g-GMA (~41 J/m),
when compared to PLA/BioPE. This considerable improvement in toughness with the
compatibilizers addition containing GMA is suggested to be related to chemical reactions
between GMA epoxy groups and the terminal hydroxyl or carboxyl groups of PLA [24].
Upon SEBS-g-MA addition there was an increase of 78% compared to the bioblend without
compatibilizer, with an impact strength of approximately 58 J/m, due to the fact that SEBS
has elastomeric characteristic, and it is able to develop interactions between the phases
with the elastomer grafted with MA, increasing the compound ductility.

Increases in impact strength were also observed in the reports of Ferri et al. [27] and
Quiles et al. [44] in blends with PLA and PE, when added compatibilizers. Demonstrating
the importance of adding a third phase to the immiscible PLA/BioPE system to improve
properties such as toughness for example. Comparing the compatibilizers in relation to the
degree of grafting of GMA, MA and AA, it may be verified that even using low levels of
grafting of GMA (0.8%) for the compatibilizers POE-g-GMA and EE-g-GMA, compared
to the highest MA contents (1.5–1.7 and 1.7%) for PE-g-MA and SEBS-g-MA, respectively,
and AA (5.5–6.5%) for PE-g-AA, the predominant factor was the elastomeric characteristic
of the used copolymers, with greater gains upon addition of POE-g-GMA and SEBS-g-MA.

The impact strength results of PLA/BioPE/POE-g-GMA and PLA/BioPE/SEBS-g-
MA bioblends are relevant from a technological point of view, as they surpass the impact
strength values of widely used commodity polymers in the development of products such
as polypropylene (PP) [45–47], polystyrene (PS) [48,49] and polyamide 6 (PA6) [50–52].
From a sustainable point of view, it is extremely important, as polymers from renewable
sources such as PLA and BioPE are being used in the bioblend, being an alternative for the
use of the aforementioned polymers.

3.5. Heat Deflection Temperature (HDT)

The heat deflection temperature (HDT) becomes an important parameter for higher
temperatures applications being an indication of the dimensional stability of the material
under the effect of a specific load and temperature increasing [38,53].

Figure 8 presents HDT for the investigated samples. For PLA, HDT was 56 ◦C, a
consequence of its glass transition temperature (Tg), as observed in the DSC scans [54,55].
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BioPE had lower HDT (52 ◦C), being influenced, in this case, directly by the stiffness of
the system, as observed in Figure 4, presenting the lowest value of elastic modulus among
the studied samples. Upon addition of 30% BioPE to PLA matrix, HDT decayed only 1 ◦C
compared to PLA. Upon addition of 10% of compatibilizer to PLA/BioPE, regardless of
the compatibilizer, HDT decayed only 1 ◦C, related to PLA/BioPE. Therefore, comparing
bioblends with PLA, there were no significant decreases in HDT, which is important from a
technological and scientific point of view, an important parameter in the polymer industry,
as well as linked to the significant increase in the material toughness as observed by the
impact strength, especially for POE-g-GMA and SEBS-g-MA compatibilizers.

Figure 8. HDT of investigated samples.

3.6. Vicat Softening Temperature (VST) and Shore D Hardness

Similar to HDT, the Vicat softening temperature is considered an important property
in polymeric systems, during production and projection of industrial applications aimed
at thermomechanical resistance, being the temperature at which a needle penetrates the
sample 1 mm, under a specific load, being mostly of materials, directly proportional to
their surface hardness [53,56]. Figure 9 shows the relationship between VST and Shore D
hardness of the investigated samples.

PLA presented VST around 59 ◦C, close to HDT. Upon temperature increase, the
material goes from the solid to the rubbery state, hence reaching Tg, the needle penetrates
the specimen. Shore D hardness testing is performed at room temperature; solid PLA has
high surface hardness (69). Regarding BioPE, it displayed low hardness as it is a material
with low stiffness, as observed in the tensile results, and high VST due to high crystallinity
as verified through DSC [57].

For PLA/BioPE bioblend, Shore D hardness decreased whereas VST was unchanged,
corroborating the decrease in stiffness provided by the BioPE phase, as also observed by
Ferri et al. [27]. For the compatibilized bioblends, Shore D hardness results were similar to
each other, being within the experimental error, while VST results decreased in relation
to PLA/BioPE, with a reduction from 59 ◦C to 55–57 ◦C, probably due to Tg reduction, as
seen in Table 3.
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Figure 9. VST and Shore D Hardness of investigated samples.

3.7. Contact Angle

The contact angle results for the investigated materials are shown in Figure 10. The
contact angle, in addition to enabling the assessment of the hydrophilicity or hydrophobic-
ity of a material [38,58,59], also allows the assessment of surface energy [60], which is an
important parameter during the production of compatible bioblends.

Figure 10. Contact angle of investigated samples.

Figure 10 shows the acquired data for the contact angle, where PLA displayed a
value of 63◦, and BioPE 85◦, confirming greater hydrophobicity for BioPE, and PLA has
chemical groups (hydroxyl and carboxyl), interacting with water, hence leading to smaller
contact angle. PLA/BioPE bioblends presented an intermediate contact angle related to
neat polymers, being approximately 72◦. Upon compatibilizers addition, the contact angle
decreased, in relation to PLA/BioPE bioblend, due to the increase in the interfacial and
surface interactions, corroborating the results of impact strength and SEM. It is worth
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mentioning that chemical groups such as GMA, MA and AA present in the used com-
patibilizing agents, in addition to interacting with PLA and BioPE, tend to interact with
water, increasing surface wettability and thus decreasing the contact angle of the systems
in relation to PLA/BioPE bioblend.

3.8. Scanning Electron Microscopy (SEM)

SEM images of the specimens fractured surface from impact strength testing, of PLA,
BioPE, PLA/BioPE and compatibilized bioblends are shown in Figure 11, with 500 and
1000× magnification for PLA, and 2000 and 5000× for the other samples.

 
Figure 11. SEM images of PLA (A,B), PLA/BioPE (C,D), bioblends compatibilized with POE-g-GMA
(E,F), EE-g-GMA (G,H), PE-g-MA (I,J), PE-g-AA (K,L) and SEBS-g-MA (M,N). Images are 500 and
1000× magnification of neat PLA, and 2000 and 5000× for the other compositions.

Regarding PLA (Figure 11a,b), smooth surface without roughness was observed, due
to the absence of plastic deformation, characteristic of fragile fracture, as observed in the
impact strength and tensile experiments [37,38,61–63].

SEM images of PLA/BioPE without compatibilizer showed immiscibility and poor
adhesion between PLA and BioPE polymers, with BioPE particles pulled out from PLA
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matrix, with presence of voids in the fracture surface, promoting low tensile and impact
strength properties [24,27].

For the compatibilized bioblends, the roughness was verified on the specimens’ surfaces,
characteristic of plastic deformation, mainly for PLA/BioPE/POE-g-GMA, PLA/BioPE/EE-
g-GMA and PLA/BioPE/SEBS-g-MA, due to the elastomeric character present in the
copolymer, resulting in more elongated particles after the impact test. Related to the
addition of PE-g-MA and PE-g-AA compatibilizers, there was lower surface roughness,
with homogeneity when compared to the PLA/BioPE bioblend, due to the presence of MA
and AA groups, resulting in improvement in interactions as well as good tensile strength
results, mainly for PE-g-AA, but with the maintenance of impact strength compared
to PLA/BioPE bioblend. Thus, it was observed that the elastomeric character of the
copolymers was predominant in the best impact strength results compared to PLA/BioPE
bioblend, that is, the compatibilizers POE-g-GMA, EE-g-GMA, and SEBS-g-GMA obtained
the best impact strength results, not only due to the improved interactions between PLA
and GMA and MA groups, but also due to the elastomeric character of these copolymers.

4. Conclusions

The addition effect of POE-g-GMA, EE-g-GMA, PE-g-MA, PE-g-AA and SEBS-g-MA
on the thermal, mechanical, thermomechanical properties, wettability (contact angle) and
morphology of PLA/BioPE bioblends was investigated. Regarding thermal analysis, it
was observed by DSC that the BioPE addition as well as compatibilizing agents increase
the degree of crystallinity of neat PLA, increase the macromolecular chains, and provide
significant improvement in thermal stability, mainly in parameter TD99.9%, as observed by
TG. The mechanical and thermomechanical properties demonstrated that the compatibiliz-
ing agents improve the interactions among bioblends phases, with property increases such
as elongation at break, tensile strength, impact strength, and unchanged elastic modulus,
related to PLA/BioPE. Through contact angle measurements, an increase in wettability was
observed compared to PLA/BioPE. SEM images showed that the addition of POE-g-GMA,
EE-g-GMA and SEBS-g-MA considerably increased the roughness, promoting plastic de-
formation and better impact strength performance related to PLA/BioPE and PLA. The
addition of POE-g-GMA compatibilizer to PLA/BioPE displayed the best overall balance
in relation to the investigated properties. Acquired results indicate that PLA/BioPE needs
to be compatibilized in order to promote interactions among phases, and consequently
improve the technological performance. The manufacture of bioblends is an alternative for
the commercialization of eco-products that contribute to a friendlier environmental cycle.
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Abstract: Tailing incorporation into mortars has been the subject of much research in recent years.
Despite this, most of these studies did not investigate the harmful effects resulting from the exposure
of such mortars to an environment containing aggressive agents. This work investigated the effects of
perlite tailing addition into mortars containing cement CP V-ARI MAX and hydrated lime. The raw
materials were subjected to chemical characterization (X-ray fluorescence (XRF)) and mineralogical
(X-ray diffraction (XRD)), while the samples immersed in 1 N NaOH solution were characterized
by XRD, thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and compression
strength (CS). The results showed the harmful effects of incorporating perlite tailings into the
mortar investigated. Such a degradation was proven by linear expansion and compressive strength
experiments accomplished in the samples after the test of resistance to an alkali–silicate reaction.

Keywords: perlite tailings; aggregate; alkali–silicate reaction

1. Introduction

Perlite is a natural vitreous volcanic rock that, when heated to around 900–1200 ◦C,
expands 5 to 20 times its original volume [1], making it suitable for various applications in
the most diverse industries, such as construction, paint industries, pharmaceuticals, soil
and water filtration, and the plastics industry [2–5]. However, during the processing of raw
pearlite (i.e., cutting, crushing, grinding, and particle size classification), a large volume
of tailings is generated, with particle sizes ranging from microns to about 0.5 mm [6]. In
this processing process, two types of waste are generated: the coarse perlite (CP) tailings
from the crushing stages and the fine tailings (PP) from the grinding and granulometric
classification stages. The expanded perlite production process also generates a significant
amount of tailings; these are finely granulometry (<100 μm) and extremely low bulk
density (50–150 kg/m3), which makes them difficult to handle [7]. These tailings, whether
natural or expanded, are often improperly disposed of, causing negative impacts on the
environment [8–11].

The need to give an adequate destination to perlite tailings has generated numerous
researches which using these tailings for different purposes [12–17]. The technical feasi-
bility of using the tailings of expanded perlite in Portland cement mortar was studied
regarding compression strength and proven by the study of Kapelusznaet et al. [8]. Er-
doğan and Sağlık [18] investigated the use of natural perlite tailings (non-expanded) in
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mortars as a partial replacement for cement (25% and 50%). The authors reported that
incorporating 25 and 50% of the perlite tailings decreased the compressive strength by
4.45% and 32.29%, respectively.

Ramezanianpour et al. [14] incorporated calcined perlite powder (1 h at 850 ◦C),
finely ground (fineness of 3100 cm2/g) as supplementary cementitious material (SCMs)
in concrete. The authors reported that the incorporation of fine calcined perlite powders
consumes lime and reduces the conductivity of the cement pore solution due to pozzolanic
reactions. Most studies have focused on using expanded perlite tailings mainly as pozzolanic
material [19,20]. Therefore, it is noted that there is a lack of studies related to the use of
natural (non-expanded) perlite tailings. Furthermore, there is a gap in the literature about
the harmful potential of these tailings concerning alkali-aggregate reactions (AARs).

Alkali-aggregate reactions occur between alkalis (Na2O and K2O) present in Portland
cement and reactive aggregates in the presence of high moisture (80–85%) and adequate
temperature beyond the pH [21,22]. An expansive gel is among the main products of AARs.
Such a gel absorbs water, swells, and leads to the appearance of cracks and consequent
collapse of the cement matrix [22–24]. AARs can be classified into three types: alkali–
silica, alkali–carbonate, and alkali–silicate reactions [25]. The alkali–silica reaction occurs
between the alkalis in the cement and the reactive minerals in the aggregate. Meanwhile, the
alkaline–carbonate reaction occurs between certain dolomitic limestones and the alkaline
solutions present in the pores of the concrete. On the other hand, the alkali–silicate reaction
has the same nature as the alkali–silica reaction but with a slower process involving
some silicates present in feldspars, certain metamorphic and sedimentary igneous rocks,
deformed (strained) quartz, and expansive minerals. Furthermore, when alkali–aggregate
reactions occur in cementitious matrices, they cannot be interrupted; thus, preventing the
occurrence of these reactions is the best way to produce mortars with durability to chemical
attacks [25,26].

In this context, there is a clear need to investigate the aggregates used in mortar and
concrete because, even if types of cement with low alkali concentration are used, reactions
can still occur because the aggregates can be constituted by reactive minerals formed by
alkali silicates, which may react with the hydroxyl ions released by portlandite during the
cement hydration process, causing the alkali–silicate reaction (ASR). It is known that the
perlite tailings contain sodium and potassium aluminum silicate phases (i.e., anorthoclase,
(Na, K) AlSi3O8) [27]. The reactive minerals in the anorthoclase react with the alkalis
present in Portland cement, triggering the alkali–silicate reaction.

Therefore, it is necessary to investigate the harmful potential of perlite tailings in
relation to AARs to be safely used as an aggregate in mortar and concrete without compro-
mising their duration of usefulness. Thus, the objective of this work is to determine the
harmful potential of tailings from perlite processing in relation to alkali–silicate reactions.
For this, the perlite tailings were chemically and mineralogically characterized (X-ray fluo-
rescence and X-ray diffraction), while evidence after the attack in a solution of 1 N NaOH
was characterized by XRD, TGA, SEM, and CS.

2. Materials and Methods

2.1. Materials

The materials used in this research were cement CP V-ARI MAX, hydrated lime
(Carbomil S.A., Limoeiro do Norte, CE, Brazil), and tailings from the processing of perlite
(Bentonita do Nordeste S.A., PB, Brazil). The perlite tailings were received in two distinct
granulometry: powdered and coarse perlite (PP e CP, respectively). The cement CP V-ARI
MAX was used in this research because it has low alkalinity (0.69%) and does not have
pozzolanic material in its composition; this makes it possible to investigate the influence
of mineral tailings additions in the expansion process. According to information from the
manufacturer, the cement CP V-ARI MAX has ~70% clinker. Calcitic lime was used because
it has a content of CaO greater than 95%. The chemical composition of cement CP V-ARI
and lime are shown in Table 1.
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Table 1. Chemical composition of the CPV-ARI MAX cement and lime used in this research.

Raw
Material

Oxides (%)

CaO SiO2 MgO Al2O3 Fe2O3 SO3 K2O TiO2 Na2Oeq
a LOI b C3A c

Cement 61.35 19.1 1.33 5.33 4.1 4.87 1.04 0.5 0.69 2.2 7.18
Lime 62.54 0.56 1.20 0.27 0.15 — 0.25 — — 35.0 —

a Na2Oeq = %Na2O + 0.658(%K2O); b LOI: loss on ignition; c %C3A = 2.650(%Al2O3) − 1.692(%Fe2O3).

The formulations cement-containing mortars, lime, and perlite tailings (PP and CP)
investigated in this work were previously developed by our research group [27]. The mortar
traces used were 1:3 (cement: 100% CP); 1:3 (cement: 85% CP + 15% PP); 1:1:6 (cement:
lime: 100% CP), and 1:1:6 (cement: lime: 85% CP + 15% PP). During the preparation of
the cementitious pastes, the workability was determined through the consistency index
according to ASTM C1437 [28]. The water was added to the system until the consistency
index reached 260 ± 10 mm.

2.2. Methods
2.2.1. Chemical, Thermal, and Mineralogical Characterization

The chemical composition was determined by X-ray fluorescence (EDX) in EDX 720
given by Shimadzu. The mineralogical characterization was performed by X-ray diffraction
(XRD) in XRD6000 (Shimadzu) with radiation Kα-Cu (40 kV/30 mA), a goniometer speed
of 2 min−1, and a step of 0.02◦. The XRD data analysis was performed using the PDF
database 02 of the International Center for Diffraction Data (ICDD®). The interpretation
was performed by comparison with standards contained in PDF 02 (ICDD, 2003) [29,30].

SEM images were acquired from a cross section of mortar bars (10 mm × 10 mm).
A marble saw with a diamond disk was used to cut the samples. Before SEM images, a thin
film (~50 nm) of gold was deposited at the cross section of the mortar bars. Such experi-
ments were performed with the SANYU electron model SC-701, in which the experimental
conditions were 2 min and 10 mA.

2.2.2. Resistance to Alkali–Aggregate Reaction

The resistance to the alkali–aggregate reaction was evaluated from linear expansion
measurements performed on specimens with 25 mm × 25 mm × 285 mm dimensions, as
determined by ASTM C1260 [31]. The samples were cured for 24 h in a humid chamber
with 100% relative humidity and then immersed in water at a temperature of 80 ± 2 ◦C
for 24 h. After water immersion, the samples were measured with a digital caliper (initial
reading) and then transferred to the 1 N NaOH, where they were kept at 80 ± 2 ◦C for
28 days. The linear expansion measurements were obtained at intervals equal to 1, 7, 14, 16,
and 28 days. After 28 days of curing, the samples were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), and thermal gravimetric analysis (TGA).

The compressive strength (CS) was determined on cylindrical specimens (50 mm ×
100 mm), according to ASTM C39/C39M [32]. The strengths were determined in two steps:
first for the specimens immersed after 28 days in distilled water at 80 ◦C ± 2 ◦C and second
for samples immersed in 1 N NaOH solution for 28 days at the same temperature. The
results represented the average of three specimens and were determined in a universal
mechanical testing machine (SHIMADZU AG-IS). The charge speed was 0.25 ± 0.05 MPa/s.

3. Results and Discussion

The PP and CP tailings presented high contents of SiO2 and Al2O3 (70% and 15%,
respectively). Such SiO2 and Al2O3 contents plus values of alkaline equivalents (Na2Oeq)
greater than 5% can trigger characteristic expansions of alkali–aggregate reactions (Table 2).
The amorphous alkaline gel is the main product of such reactions and has high water
absorption, which can cause expansion and consequent cracking of the cementitious materi-
als [33–35]. Table 2 presents the chemical composition of the PP and CP tailings used in this
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research. The PP tailings were used as filler to improve the packing of the system because
they presented a maximum diameter (Dmax) and fineness module (MF) equal to 0.6 mm and
1.27, respectively (Figure 1). The Dmax value measured from the CP tailings was 1.2 mm,
and a fineness module was ~3.2; thus, it was used as the aggregate.

Table 2. Chemical composition of the perlite tailings investigated in this work.

Material
Oxides (%)

CaO SiO2 MgO Al2O3 Fe2O3 SO3 K2O Na2O a Na2Oeq
b LOI

PP 1.5 73.0 0.6 15.3 1.1 0.1 3.3 3.0 5.2 2.1
CP 1.2 71.8 0.6 15.4 0.9 0.1 3.2 3.5 5.6 3.3

a Na2Oeq = %Na2O + 0.658 %K2O; b LOI: loss on ignition.

Figure 1. Particle size distribution of the PP and CP tailings.

Figure 2a,b show the linear expansion values measured from samples obtained from of
the traces 1:3 (cement: 100% CP); 1:3 (cement: 85% CP and 15% PP); 1:1:6 (cement: lime: 100%
CP), and 1:1:6 (cement: lime: 85% CP and 15% PP) immersed in a solution of 1 N NaOH for
28 days. For all samples, the linear expansion values measured at 16 days were above those
previously seen in ASTM C 1260 [31], i.e., higher than 0.10%. The 1:3 (cement: 100% CP)
and 1:3 (cement: 85% CP and 15% PP) samples presented linear expansions of 0.62% and
0.58%, while the 1:1:6 (cement: lime: 100% CP) and 1:1:6 (cement: lime: 85% CP and 15%
PP) samples presented linear expansions of 0.86% and 0.66%, respectively. These results
indicate that traces containing only the CP aggregate presented higher linear expansion than
those containing CP and PP tailings. There is a high probability that this linear expansion
above the expected is related to the formation of amorphous alkaline gel synthesized from
the alkali–silicate reactions, induced by the high contents of the SiO2, Al2O3, and alkaline
oxides (Na2O and K2O) detected in the CP and PP tailings.

Still, in Figure 2a,b, the relatively smaller linear expansion measured at samples
contained 15% of PP tailings can be attributed to the filler effect. As PP tailings are a
powdery material (see Figure 1), its addition to the trace amplifies the packing of the
cementitious matrix, decreasing the permeability of the system and the probability of
forming the amorphous alkaline gel from the solutions contained in the pores [36].
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Figure 2. Linear expansions measured from the samples immersed in an aqueous solution of 1 N NaOH for 28 days:
(a) traces 1:3 (cement: 100% CP) and 1:3 (cement: 85% CP +15% PP); (b) traces 1:1:6 (cement: lime: 100% CP) and 1:1:6
(cement: lime: 85% CP + 15% PP).

Figure 3 presents diffractograms measured from the perlite tailings (PP and CP) and
samples after immersion in 1 N NaOH solution. The anorthoclase (JCPDS 09-0478) and quartz
(JCPDS 46-1045) were the phases identified in the perlite tailings. The identification of alumino-
silicate sodium and potassium phase (anorthoclase) favors the formation of the amorphous
alkaline gel. It is known that such a gel is the main product of the alkali–aggregate reactions
(RAAs). This is because, during immersion in an aggressive environment (1 N NaOH), the
OH− contained in pore solution comes into contact with the anorthoclase phase, make
it soluble, and forms an amorphous alkaline gel. The amorphous band detected in the
diffractograms of samples immersed in 1 N NaOH (Figure 3) is indicative of the formation of
gels from the AAR [37]. Such a behavior is similar to that observed for silicates glasses, i.e.,
an amorphous band between 27◦ and 31◦ (2θ) with a strong reflection in 28◦ [38,39]. Other
phases rich in sodium and potassium were detected in samples immersed in 1 N NaOH, i.e.,
calcium silicate (JCPDF 29-0368), sodium oxide (JCPDF 06-0500), sodium iron sulfate (JCPDF
27-0718), P-portlandite (JCPDF 04-0733), silicon oxide phases (JCPDF 27-0605), iron sulfide
(JCPDF 15-0037), and anorthoclase (JCPDS 09-0478). The SEM images inserted in Figure 3
ratified the formation of the gel mentioned above. The areas marked with ellipses indicate the
amorphous silica gel formed inside the pores of the mortars investigated in this study. Similar
results were reported by Munhoz et al. [26].

Table 3 presents the compressive strength (CS) values of the mortars after immersion
in 1 N NaOH and distilled water solutions. As expected, the samples immersed in 1 N
NaOH solutions presented lower CS values than those immersed in distilled water. The
1:1:6 (cement:lime:100% CP) sample was the exception because CS values measured from
them were equal (considered the standard deviation) in both experimental conditions.
This behavior agrees with the linear expansion, XRD, and MEV results that confirmed the
presence of amorphous alkaline gels in the samples kept in an aggressive environment.
Additionally, in both experimental conditions investigated, the sample contends PP tailings
presented higher CS values than samples without them. As mentioned before, this behavior
occurred because the PP tailings worked as a filler material, causing a decrease in its
porosity and consequently better packaging of the trace. Although the mortars studied
in this work present high linear expansion values (see Figure 2), that is, above those
established by ASTM C 1260, the compressive strength results indicate that such mortars
can be used for masonry according to ACI 530.1-02/ASCE 6-02/TMS 602-02 [40].
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Figure 3. Diffractograms measured from as-received PP and CP tailings and mortars after the attack in 1 N NaOH solution.
A—Anorthoclase; Q—Silicon oxide; S—Calcium silicate; X—Sodium oxide; F—Iron sulfide; O—Sodium iron sulfate; and
P—Portlandite. SEM images were obtained from the mortars after attack in 1 N NaOH solution.

Table 3. Compressive strength of mortars after 28 day of immersion in 1 N NaOH and lime water.

Trace

Compression Strength (MPa)
After Immersion in

1 N NaOH
Standard
Deviation

After Immersion in
Distilled Water

Standard
Deviation

1:3 (cement:100% CP) 9.69 ±0.7 13.04 ±1.52
1:3 (cement:85% CP + 15% PP) 12.12 ±1.1 17.07 ±1.13
1:1:6 (cement:lime:100% CP) 5.80 ±0.30 5.70 ±0.13

1:1:6 (cement:lime:85% CP +15% PP) 8.32 ±0.51 11.76 ±1.34

4. Conclusions

Powdered and coarse perlite tailings were incorporated into mortars containing ce-
ment CP V-ARI and calcite lime. All linear expansion values measured from samples
immersed in the 1 N NaOH solution were above those established by ASTM C 1260, i.e.,
>0.10%. This behavior was credited to the amorphous alkaline gel, which is the product of
the alkali–aggregate reaction. This gel absorbs water, expands, and cracks the cementitious
matrix. Indeed, the high contents of SiO2, Al2O3, and alkaline oxides (Na2O and K2O)
detected in perlite tailings favored alkali–silicate reactions. The presence of the gel was
confirmed by XRD and SEM experiments. The cracks caused by the swelling of the alkaline
gel negatively influenced the compressive strength values, where samples immersed in
1 N NaOH solution had lower CS values than those immersed in distilled water. Despite
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the high linear expansion values, the measured CS values indicate that the samples in this
work can still be used in masonry, according to ACI 530.1 -02/ASCE 6-02/TMS 602-02.
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3. Çelikten, S.; Işıkdağ, B. Properties of geopolymer mortars derived from ground calcined perlite and NaOH solution. Eur. J.
Environ. Civ. Eng. 2021, 1–15. [CrossRef]

4. Tie, T.S.; Mo, K.H.; Alengaram, U.J.; Kaliyavaradhan, S.K.; Ling, T.-C. Study on the use of lightweight expanded perlite and
vermiculite aggregates in blended cement mortars. Eur. J. Environ. Civ. Eng. 2020, 1–20. [CrossRef]

5. Alghadi, A.M.; Tirkes, S.; Tayfun, U. Mechanical, thermo-mechanical and morphological characterization of ABS based composites
loaded with perlite mineral. Mater. Res. Express 2019, 7, 015301. [CrossRef]

6. El Mir, A.; Nehme, S.G.; Assaad, J.J. Durability of self-consolidating concrete containing natural waste perlite powders. Heliyon
2020, 6, e03165. [CrossRef] [PubMed]
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Abstract: The firing parameters in ceramic masses incorporated with 0, 5, and 10 wt% of scheelite
tailings were investigated. The ceramic masses were characterized by X-ray fluorescence, granulo-
metric, mineralogical analysis, and Atterberg limits determination. The samples were obtained by
uniaxial pressing (20 MPa), sintered at different temperatures (800, 900, and 1000 ◦C), and heating
rates (5, 10, 15, and 20 ◦C·min−1). Physical and mechanical tests (water absorption, apparent porosity,
and flexural strength) and mineralogical tests were accomplished from the sintered samples. Natural
aging tests were also carried out to assess carbonation resistance. For this, some samples were kept
in an internal environment (inside the laboratory) for 3 months. The results showed a high content of
calcium oxide in the scheelite tailings and a reduction in the plasticity index of the ceramic masses
with the tailings addition. The best results were observed for the ceramic mass with 5% tailings. The
best results were observed regarding the firing parameters for the temperature equal to 1000 ◦C,
increasing the heating rate to 10 ◦C·min−1 without compromising the material properties. The
samples kept in an internal environment for 3 months showed a loss of physical and mechanical
properties. Such behavior probably occurred due to the onset of the carbonation phenomenon.

Keywords: scheelite tailings; sustainable ceramic mass; red ceramic; firing parameters

1. Introduction

The increase in the global population results in an unrestrained rise in waste generation
(industrial, mining, domestic, hospital, etc.), which often does not have the correct disposal,
causing severe social and environmental problems. The massive tailings amount generated
in mining activities has stimulated research interest to use these tailings to develop friendly
construction materials [1–4]. Thus, the construction industry has been the target of research
due to its potential tailings reuse [5–7]. The construction industry has been considered the
largest consumer of waste, generating sustainability, conserving natural resources, and
mitigating the adverse effects of tailings on the environment.

On the other hand, the tailings incorporation into the ceramics industry makes it pos-
sible to reduce the extraction of natural raw materials, avoid degrading native areas, apply
correct disposal and recycling of waste, and generate a product higher-value-added [8].
Traditional ceramic products, such as roof tiles, blocks, and ceramic tiles, allow incor-
porating different tailings types due to their diversified composition. In recent years,
some research has been carried out to incorporate the most varied types of tailings in
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ceramic masses destined for traditional ceramic pieces production [9–14]. In this sense,
several mining tailings, such as kaolin waste [9,10], waste from phosphate mines [11], iron
ore tailings [12], red mud from the Bayer process [13,14], tailings from silver mines [15],
quartzite [5,16,17], and scheelite [5,6] have been successfully reused in the production of
sustainable ceramic materials.

Scheelite (CaWO4) is a typical tungstate mineral, which is used to produce tung-
sten, which is usually associated with other minerals that contain calcium, such as cal-
cite (CaCO3), fluorite (CaF2), and fluorapatite [Ca10(PO4)6F2] [1,18,19]. In beneficiation,
the ore goes through the screening, crushing, and grinding processes, placed in jigues
that feed the vibrating tables which separate the concentrate from the tailings. In this
last stage, the scheelite tailings are generated, which has no use for the industry and is
improperly deposited.

An important issue for the use of waste as an alternative raw material in the ceramic
field is the knowledge of its chemical components, in addition to the mineralogical and
physical characteristics [20]. Products obtained with clay-based compositions can be rein-
forced using mixtures of clay and calcite to form micro-composites, such as anorthite grains
(CaO·Al2O3·2SiO2) in the silico-aluminous matrix, which favors a significant increase of
resistance [21]. Therefore, the addition of tailings rich in calcium oxide, such as scheelite
tailings, may favor the formation of anorthite.

It is well known that the increase in the firing temperature in clay-based ceramics
produces a series of reactions and transformations that lead to the formation of new phases
and the disappearance of others [22]. Therefore, it is necessary to analyze the quality of
the ceramic masses, monitor, and understand the mineralogical transformations that occur
during the firing process. The insertion of rapid firing in the ceramic material firing stage
has been studied [23,24]; however, much still needs to be investigated, especially in masses
containing tailings.

On the other hand, calcium silicate phases, such as gehlenite and anorthite, are poten-
tial sources of CaO and can favor carbonation. Carbonation is the process in which the CO2
present in the atmosphere reacts with calcium hydroxide forming calcium carbonate that
precipitates inside the microstructure, which can change its porosity [25,26]. Carbonation
occurs mainly in materials rich in calcium oxide and can deteriorate the material with
property loss [22]. Most research on carbonation is carried out with a focus on concrete and
cementitious materials [27,28]. However, the carbonation process also occurs in ceramic
construction materials, and studies aimed at these materials still need to be better explored
since carbonation can affect its durability [29].

Although the use of scheelite tailings in the production of ceramic materials has
already been reported in the literature, the influence of these tailings on the properties of
traditional ceramic products, especially regarding carbonation resistance, still needs to be
studied. Therefore, the objective of this work was to analyze the physical and mechanical
properties and the carbonation resistance of samples obtained from the ceramic masses
(used in the manufacture of ceramic blocks) containing 0, 5, and 10% scheelite tailings. The
influence of different firing parameters (temperature (800, 900, and 1000 ◦C) and heating
rate (5, 10, 15, and 20 ◦C·min−1) on physical and mechanical properties (water absorption,
apparent porosity, and strength flexural) was investigated. The carbonation resistance was
evaluated in the specimens after 3 months of exposure to natural environmental conditions.

2. Materials and Methods

2.1. Raw Materials

Scheelite tailings were obtained from a tungsten mining company (Brejuí mine) lo-
cated at Currais Novos city, Rio Grande do Norte state, Brazil. Three types of scheelite
tailings from different mining stages were used to obtain the samples. Such tailings were
denominated ST1, ST2, and ST3. The ceramic mass used as standard (MR) was donated
by a red ceramic company located at Soledade city, Paraíba state, Brazil. The as-received
scheelite tailings (ST1, ST2, and ST3) are shown in Figure 1a–c.
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Figure 1. Scheelite tailings investigated (a) ST1, (b) ST2, and (c) ST3.

2.2. Incorporation of Scheelite Tailings in the Ceramic Mass and Preparation of Specimens

The scheelite tailings (ST1, ST2, and ST3) were added to MR at different contents
(0 wt%, 5 wt%, and 10 wt%). The choice of incorporation contents of 5 wt% and 10 wt% of
scheelite tailings were based on previous studies developed by Machado et al. [30]. The
new ceramic masses were inserted into a porcelain jar containing alumina balls and dry
homogenized (7 wt% humidity) for 24 h in a ball mill. The consistency of the masses was
also evaluated by liquidity and plasticity limits using the Casagrande method [31]. Table 1
shows the nominal composition of the prepared ceramic masses.

Table 1. Nominal composition of the ceramic masses incorporated with scheelite tailings.

Ceramic Masses Addition Content (%wt) Scheelite Tailings Type

MR 0 -
M5S1 5 ST1
M5S2 5 ST2
M5S3 5 ST3

M10S1 10 ST1
M10S2 10 ST2
M10S3 10 ST3

The new ceramic masses were uniaxially pressed (20 MPa) in a hydraulic press
(Servitech, model CT-335, Tubarão, Brazil) to obtain samples with dimensions of 50 mm
× 15 mm × 5 mm. The samples were dried (110 ◦C for 24 h) and fired in an electric oven
(Flyever Equipment, model FE50RP, São Carlos, Brazil) at different temperatures (800, 900,
and 1000 ◦C) and heating rates (5, 10, 15 and 20 ◦C·min−1). An isothermal treatment of
30 min was accomplished at each firing temperature and then the samples were cooled for
room temperature at 10 ◦C·min−1.

2.3. Characterizations

The chemical composition of scheelite tailings and of ceramic masses were determined
by X-ray fluorescence (XRF) (Shimadzu, model EDX 720, Kyoto, Japan). The analysis
was carried out in triplicate and performed under vacuum, with a collimator of 10 mm, a
Rh X-ray tube, and an EDS detector. The mineralogical composition was determined by
X-ray diffraction (XRD) (Shimadzu, model XRD 6000, Kyoto, Japan) with Cu-Kα radiation
(40 Kv/30 mA); goniometer speed 2◦·min−1; 0.02◦ step; and 2θ scanning from 2◦ to 60◦.
The granulometric analysis (GA) of ceramic masses was determined by laser diffraction
(Cilas, model 1064, Orléans, France). All raw materials were sieved (74 μm) before XRF,
XRD, and GA analyses.

Water absorption (WA), apparent porosity (AP), and 3-point flexural strength (FS) tests
were performed on the specimens after firing. WA and AP were measured by Archimedes
method. In summary, the samples were immersed in distilled water for 24 h to obtain
the wet weight (Ww) and the immersed weight (Wi). Before immersion in distilled water,
sintered samples were weighed to obtain their dry weight (Wd). Equations (1) and (2) were
used to calculate WA and AP, respectively.
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The flexural rupture module experiments were carried with the aid of a universal
mechanical testing machine (Shimadzu, model Autograph AG-X 50 kN, Kyoto, Japan),
with 5 KN load cells, the distance between the support points of 30 mm, and a test speed
of 0.5 mm·min−1. The results of physical and mechanical tests were obtained from an
average of 10 samples. The mineralogical phases formed after firing was analyzed by X-ray
diffraction (XRD).

WA(%) =
Ww − Wd

Wd
× 100, (1)

AP(%) =
Ww − Wd
Ww − Wi

× 100, (2)

where Ww, Wd, and Wi are the weights of the specimens, wet, dry, and immersed, respectively.

2.4. Carbonation Resistance

The carbonation resistance evaluation was carried out on fired samples at 1000 ◦C at a
heating rate of 5 ◦C·min−1, which were submitted to the natural aging test in an internal
environment. The samples were kept protected from external climatic actions (inside the
laboratory, at room temperature, and under air humidity ~74%) for 3 months. After this
period, the samples were evaluated to physical and mechanical (WA, AP, and FS), miner-
alogical (XRD), and fracture surface analysis using scanning electron microscopy (SEM).

3. Results and Discussion

3.1. Chemical and Mineralogical Composition of the Scheelite Tailings and Ceramic Masses

Table 2 presents the chemical composition of the scheelite tailings used in this research
and the ceramic masses without and with scheelite tailings. The ceramic mass without
scheelite tailings was denominated MR, while with tailings were denominated M5S1, M5S2,
and M5S3 (with 5 wt%) and M10S1, M10S2, and M10S3 (with 10 wt%). The calcium oxide
(CaO) was a major component detected in the scheelite tailings, which contents ranging
from 37.6 to 40.2%, and is related to the presence of calcite or dolomite [5]. Additionally,
SiO2 (18.1 to 22.9%), Al2O3 (7.6 to 10.8%), and Fe2O3 (7.2 to 9.8%) contents were detected
in the scheelite tailings. The ceramic masses presented a typical composition for the
manufacture of red ceramic products. A high Fe2O3 content (8.2–9.0 wt%) is responsible for
the reddish color of the pieces after firing. SiO2 and Al2O3 were the major oxides detected.
These oxides have origin from the clay minerals, feldspar, and free silica presented in the
scheelite tailings. In the ceramic masses containing scheelite tailings (M5S1, M5S2, M5S3,
M10S1, M10S2, and M10S3), an increase in the CaO content in relation to the MR mass
(without tailings) is observed due to the higher concentration of this oxide in the tailings.
In general, ceramic masses containing tailings have a high content of fluxing oxides (K2O,
CaO, and MgO), responsible for forming glass phases, reducing the firing temperature, and
improvingthe physical and mechanical properties [7]. The loss on ignition (LOI) measured
from the scheelite tailings is associated with free water loss and carbonate decompositions.
In the ceramic masses, LOI is due to free water loss, clay mineral dehydroxylation, organic
matter, and carbonate decompositions. All ceramic masses containing scheelite tailings
(M5S1, M5S2, M5S3, M10S1, M10S2, and M10S3) presented a higher percentage of LOI
compared to the ceramic mass without the tailings (MR). Such behavior is probably due to
the increase in carbonate content.

Figure 2a shows XRD patterns measured from standard ceramic mass (MR), i.e.,
without the scheelite tailings. Quartz (JCPDS 46-1045), feldspar (JCPDS 84-0710), and
kaolinite (JCPDS 79-1570) were the main crystalline phases identified in MR. On the other
hand, mica (JCPDS 83-1808) and calcite (JCPDS 72-1937) phases were identified to a lesser
extent. The XRD patterns measured from scheelite tailings (ST1, ST2, and ST3) are shown
in Figure 2b. In general, all scheelite tailings presented the following mineralogical phases:
calcite (JCPDS 72-1937), quartz (JCPDS 46-1045), and diopside (JCPDS 89-0837). Diopside
usually occurs as an accessory mineral and is associated with calcite. Peaks referring to
dolomite (JCPDS 89-5862) were identified at ST2 and ST3. These peaks may be associated
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with a higher MgO (3.3%) and CaO (38.5 and 40.2%) content detected in these tailings,
compared to ST1, which presented 2.7% MgO and 37.6% CaO. In general, the minerals
detected in scheelite tailings are generally present in the masses used in traditional ceramics,
which favor the incorporation of these tailings in this sector.

Table 2. Chemical composition of scheelite tailings (ST1, ST2, and ST3) used in this study and of
ceramic masses without (MR) and with scheelite tailings (5 and 10%). The results were determined
by X-ray fluorescence.

Raw Materials/Samples
Oxides (%wt)

SiO2 Al2O3 Fe2O3 K2O TiO2 CaO MgO WO3 Others LOI * SiO2/Al2O3

ST1 18.1 8.7 7.2 0.4 0.6 37.6 2.7 0.4 1.3 23.0 -
ST2 21.8 7.6 9.8 0.6 0.7 38.5 3.3 0.2 1.8 15.7 -
ST3 22.9 10.8 9.6 0.6 0.4 40.2 3.3 0.7 1.7 9.8 -
MR 47.5 20.9 8.9 3.0 1.2 2.1 2.6 - 0.5 13.3 2.27

M5S1 45.0 19.8 8.2 2.9 1.2 3.5 2.5 - 0.6 16.3 2.27
M5S2 43.7 19.4 9.0 2.7 1.0 4.8 2.5 - 1.0 15.9 2.25
M5S3 45.8 20.0 9.0 2.9 1.2 3.0 2.5 - 0.6 15.0 2.29
M10S1 43.5 19.4 8.5 2.8 1.1 3.7 2.5 - 0.8 17.7 2.24
M10S2 43.0 19.0 9.0 2.7 1.0 5.7 2.5 - 0.9 16.2 2.26
M10S3 42.9 18.9 8.7 2.6 1.1 7.2 2.4 - 0.6 15.6 2.27

* LOI—Loss on ignition measured after drying at 110 ◦C and firing at 1000 ◦C.

Figure 2. XRD patterns measured from ceramic mass (MR) (a) and of the scheelite tailings (ST1,
ST2, and ST3) (b). M—Mica; K—Kaolinite; F—Feldspar; Q—Quartz; C—Calcite; D—Diopiside;
Do—Dolomite.

3.2. Granulometry and Consistency of Ceramic Masses

Knowledge of the particle size distribution and consistency of the ceramic masses is
extremely important before the molding step of the ceramic product. Through the results
of granulometry and consistency values, it is possible to assess whether the raw materials
used are suitable for the molding and manufacturing process of ceramic pieces. In addition,
the variation in particle size distribution and plasticity of the ceramic masses can cause
changes in their behavior during processing and significantly affect the properties of the
final products.

The accumulated mass percentage for different particle size ranges and the average
diameter of particles obtained from the ceramic masses are presented in Table 3. All
ceramic masses showed similar particle size distributions, being approximate: 21% clay
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fraction (<2 μm), 57% silt fraction (between 2 and 20 μm), and 21% sand fraction (>20 μm).
The average diameter of the ceramic masses was approximately 12 μm. In general, the
ceramic masses have a wide granulometric distribution, which can favor the packing of
the particles during compaction and the reactivity during firing temperature. It is worth
mentioning that the reactivity between the particles favors the reactions for the formation
of new crystalline phases based on calcium and/or magnesium, which significantly affects
the physical and mechanical properties of the sintered parts [32,33].

Table 3. Accumulated mass for different particle size distribution ranges and average diameter of
the ceramic masses.

Samples

Accumulated Mass (%)
Average

Diameter (μm)Fine (x * < 2 μm)
Medium (2 μm

< x < 20 μm)
Gross

(x > 20 μm)

MR 22.1 55.5 22.4 12.5
M5S1 20.4 58.8 20.8 12.2
M5S2 21.5 57.3 21.2 12.9
M5S3 20.9 56.2 22.9 12.6

M10S1 20.6 57.6 21.8 12.1
M10S2 20.5 57.6 21.9 12.6
M10S3 20.6 57.8 21.6 12.4

* x: particle size.

Figure 3 shows the Atterberg limits measured from the ceramic masses with and with-
out scheelite tailings. In general, there is a plasticity index reduction with the incorporation
of scheelite tailings. Such behavior is probably related to the non-plastic characteristic of
the scheelite tailings. However, the plasticity and liquidity indices and plasticity limits
are within the range of the literature for use in red ceramics [34]. Ceramic masses with a
plasticity index between 7 and 15% are classified as moderately plastic and values above
15% as highly plastic. In this way, the ceramic masses studied in this work are highly
plastic, making them viable for the red ceramics pieces production.

Figure 3. Atterberg limits (liquidity limit, plasticity limit, and plasticity index) of the ceramic masses
investigated.
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3.3. Mineralogical Phases of the Samples after Firing

Figure 4 shows the X-ray diffraction patterns of samples sintered at 800, 900, and
1000 ◦C, with a heating rate of 5 ◦C min−1. The following crystalline phases were observed:
mica (KMg3(Si3Al)O10(OH)2, JCPDS 83-1808), quartz (SiO2, JCPDS 46-1045), feldspar
(JCPDS 84-0710), anorthite (CaAl2Si2O8, JCPDS 89-1472), and gehlenite (Ca2Al(AlSi)O7,
JCPDS 35-0755). Peaks characteristic of the mica phase were detected only at 800 and
900 ◦C, where it was possible to observe a reduction in its intensity when the temperature
increased from 800 ◦C to 900 ◦C. Feldspar is present in all compositions and temperatures;
however, the peak intensity decreases as the temperature increases. The kaolinite phase was
not identified in any investigated samples after sintering, showing that this phase detected
in the ceramic mass before firing (see Figure 2a) disappeared due to dehydroxylation
between 500 and 600 ◦C [35,36]. After dehydroxylation, the layered structure of kaolinite is
destroyed, transforming into an amorphous phase called metakaolinite. At temperatures
around 900 ◦C, metakaolinite reorganizes and forms other crystalline phases such as
mullite, hematite, gehlenite, and anorthite. The formation of these phases depends on the
amount of other minerals present in the material [26].

Figure 4. XRD patterns measured from samples sintered at 800 (a), 900 (b), and 1000 ◦C (c). All
samples were fired at a heating rate of 5 ◦C·min−1. M—Mica; F—Feldspar; Q—Quartz; A—Anorthite;
G—Gehlenite.

In the scheelite tailings (ST1, ST2, and ST3), incorporated MR calcite (CaCO3) was
the main mineralogical phase identified (see Figure 2b). According to Baccour et al. [28],
when the temperature increase from 850 to 950 ◦C, CaCO3 decomposes (CaO + CO2), and
the formed CaO reacts with the amorphous phase (metakaolinite), forming crystalline
phases, such as gehlenite and anorthite. It is worth mentioning that the first peaks related
to the gehlenite phase occurred for the ceramic masses fired at 900 ◦C and 1000 ◦C to
the anorthite. The appearance of the anorthite probably is related to the gehlenite into
anorthite transformation. According to the literature, the presence of structural iron favors
the metakaolinite to gehlenite transformation, which, later combines with aluminum,
silicon (from metakaolinite), and quartz, form anorthite [21,37].
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According to Jiang et al. [38], the gehlenite into anorthite transformation can be
attributed to the high diffusion rate of Ca2+. In anorthite, the Ca2+:Si4+ ratio is 1:2, while
for gehlenite is 2:1. The Ca2+ and O2− ionic bond can be more easily destroyed because
it is less stable than the Si-O covalent bond. As a result, at low temperatures, the Ca2+

diffusion rate was much faster than that of Si4+, causing the appearance of gehlenite peaks
at ~900 ◦C.

Clays compositions containing high CaO contents, fired at 950 and 1100 ◦C, were
studied by González-Garcia et al. [39]. In such a study, the researchers associated the
transformation of the gehlenite into anorthite with the presence of the illite, SiO2, and
CaCO3. It was observed that the increase in temperature favored the gehlenite into anorthite
transformation. The authors also highlighted the mullite absence in clays with significant
CaCO3 proportions. According to Ouahabi et al. [40], the CaO presence in the limestone
clays prevents mullite formation. Quartz was detected in the ceramic masses before firing.
No phase transformation was observed during the different heat treatments for this mineral,
only reducing peak intensity at a firing temperature of 1000 ◦C.

3.4. Physical and Mechanical Properties of Sintered Samples

Table 4 presents water absorption (WA), apparent porosity (AP), and flexural strength
(FS) values measured from samples fired at 800, 900, and 1000 ◦C using different heating
rates (5, 10, 15, and 20 ◦C min−1). For samples fired at 800 ◦C, an increase in the scheelite
tailings contents resulted in a slight increase in the WA and AP values. Such behavior can
be credited to carbonate decomposition. During the firing step, the calcite (CaCO3) present
in the scheelite tailings decomposes (CaCO3 → CaO + CO2), and CO2 formed increases
the pressure inside the pores of the material, compromising the densification process [6].
Besides, for all heating rates used, it is observed that samples containing scheelite tailings
(M5S1, M5S2, M5S3, M10S1, M10S2, and M10S3) tend to have higher FS values than the
sample without tailings (MR), which is probably related to the interaction between the
crystalline phases [21,41].

At heating rates above 10 ◦C min−1, a reduction in mechanical strength was observed.
Such behavior may be associated with the microcracks formation due to the faster cycle,
especially at cooling, which occurs during the quartz polymorphic transformation (β→α).
In general, the samples fired at 800 ◦C presented the potential to be used in the produc-
tion of bricks because they showed water absorption values (range 15.5%–20.6%) within
the maximum limit of 22% (ASTM C20-00 [42]) and flexural strength between 1–5 MPa.
According to ASTM C67 [43], the minimum requirement for flexural strength of bricks is
0.65 MPa.

For samples sintered at 900 ◦C, the best condition (lowest WA and AP values and
highest FS value) was obtained for M5S1 and M5S3 samples (5% scheelite tailings). These
results were higher than those measured to MR samples (without tailings). Taking account
of the crystalline phases formed during the firing step (at 900 ◦C) (Figure 4b), it is possible
to observe a reduction in the intensity of the mica phase peaks and an increase in the
intensity anorthite peaks. Such behavior can improve properties since the anorthite favors
increased resistance and chemical stability of the material [21,41]. In general, the increase
in firing temperature from 800 ◦C to 900 ◦C resulted in improved properties (WA and AP
reduction and increase of FS), with the best results observed for samples heated to a rate of
5 ◦C min−1. The FS values obtained were higher than those found by other researchers
who worked in the same temperature range [44].

At 1000 ◦C and heating rates of 5 and 10 ◦C min−1, the M5S1 sample showed FS
values higher than the MR sample. This indicates that for this composition, the firing time
can be reduced by increasing the rate from 5 to 10 ◦C min−1 without loss of mechanical
properties. In general, the best properties were observed for samples fired at 1000 ◦C. This
probably was due to the increase in the anorthite amount (Figure 4c), which contributes
to the rise in the material’s chemical resistance and stability and improves the physical
properties [21,41,45].
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Table 4. Physical and mechanical properties of the standard mass (MR) and ceramic masses with 5
and 10% scheelite tailings after sintering at 800, 900, and 1000 ◦C.

Rate
(◦C·min−1)

Samples

Physical and Mechanical Properties of the Masses

Water Absorption (%) Apparent Porosity (%) Flexural Strength (MPa)

800 ◦C 900 ◦C 1000 ◦C 800 ◦C 900 ◦C 1000 ◦C 800 ◦C 900 ◦C 1000 ◦C

5

MR 17.7 ± 0.3 17.5 ± 0.2 13.2 ± 0.1 32.2 ± 0.4 31.7 ± 0.3 26.0 ± 0.2 2.0 ± 0.2 3.2 ± 0.3 6.4 ± 0.4
M5S1 19.9 ± 0.3 16.0 ± 0.3 12.4 ± 0.3 35.1 ± 0.4 30.6 ± 0.6 24.5 ± 0.5 2.0 ± 0.4 5.6 ± 0.5 7.0 ± 0.8
M5S2 17.6 ± 0.4 18.0 ± 0.2 13.9 ± 0.2 32.6 ± 0.6 32.9 ± 0.6 26.7 ± 0.3 3.6 ± 1.2 2.5 ± 0.2 5.5 ± 0.6
M5S3 15.5 ± 0.1 14.7 ± 0.2 11.9 ± 0.2 29.8 ± 0.2 27.9 ± 0.3 23.8 ± 0.3 5.0 ± 0.3 4.7 ± 0.4 6.7 ± 0.5
M10S1 18.9 ± 0.3 16.0 ± 0.2 13.0 ± 0.2 34.5 ± 0.4 29.9 ± 0.3 25.3 ± 0.3 2.3 ± 0.5 4.1 ± 0.2 5.1 ± 0.3
M10S2 18.8 ± 0.5 16.9 ± 0.3 13.1 ± 0.3 33.7 ± 0.4 31.4 ± 0.4 27.3 ± 0.4 3.5 ± 0.5 2.3 ± 0.2 4.1 ± 0.5
M10S3 18.6 ± 0.4 14.6 ± 0.3 13.7 ± 0.4 34.1 ± 0.5 27.9 ± 0.4 26.8 ± 0.4 4.5 ± 0.2 4.0 ± 0.2 5.2 ± 0.3

10

MR 17.2 ± 0.5 17.4 ± 0.3 13.4 ± 0.2 31.1 ± 0.5 31.6 ± 0.4 26.2 ± 0.3 1.4 ± 0.4 3.1 ± 0.2 6.4 ± 0.4
M5S1 19.5 ± 0.4 16.3 ± 0.3 12.8 ± 0.4 34.5 ± 0.6 30.8 ± 0.5 25.1 ± 0.5 1.8 ± 0.2 5.0 ± 0.4 6.6 ± 0.4
M5S2 17.5 ± 0.3 18.3 ± 0.2 14.4 ± 0.4 32.3 ± 0.5 33.2 ± 0.5 27.5 ± 0.6 3.6 ± 1.6 2.1 ± 0.1 4.5 ± 0.5
M5S3 15.6 ± 0.2 14.8 ± 0.1 12.4 ± 0.3 29.8 ± 0.3 28.0 ± 0.2 24.6 ± 0.5 4.0 ± 0.3 4.5 ± 0.4 5.4 ± 0.3

M10S1 19.8 ± 0.4 16.4 ± 0.4 15.1 ± 0.3 35.5 ± 0.5 30.3 ± 0.5 28.1 ± 0.5 1.5 ± 0.2 3.2 ± 0.3 3.6 ± 0.4
M10S2 19.5 ± 0.3 17.3 ± 0.3 15.3 ± 0.4 34.4 ± 0.4 32.1 ± 0.4 28.4 ± 0.6 3.4 ± 0.2 2.0 ± 0.1 3.6 ± 0.2
M10S3 19.0 ± 0.2 14.6 ± 0.3 14.8 ± 0.2 34.5 ± 0.2 28.0 ± 0.4 27.8 ± 0.3 3.8 ± 0.3 3.6 ± 0.4 4.7 ± 0.4

15

MR 17.5 ± 0.2 17.6 ± 0.1 13.2 ± 0.9 31.5 ± 0.3 31.9 ± 0.2 25.9 ± 1.3 1.0 ± 0.4 2.8 ± 0.2 6.7 ± 1.0
M5S1 19.8 ± 0.2 16.5 ± 0.3 13.3 ± 0.3 34.8 ± 0.3 31.0 ± 0.4 25.9 ± 0.5 1.6 ± 0.2 4.5 ± 0.2 5.6 ± 0.5
M5S2 17.5 ± 0.4 18.4 ± 0.2 15.1 ± 0.3 32.3 ± 0.5 33.3 ± 0.5 28.4 ± 0.4 3.0 ± 1.2 2.0 ± 0.2 4.1 ± 0.5
M5S3 15.8 ± 0.3 14.8 ± 0.2 13.1 ± 0.5 30.0 ± 0.4 28.0 ± 0.4 25.5 ± 0.7 3.7 ± 0.5 4.4 ± 0.3 4.7 ± 0.6

M10S1 19.9 ± 0.2 17.3 ± 0.5 16.0 ± 0.4 35.5 ± 0.2 31.6 ± 0.7 29.2 ± 0.4 1.5 ± 0.3 2.9 ± 0.4 2.9 ± 0.2
M10S2 19.5 ± 0.2 18.0 ± 0.3 15.7 ± 0.3 34.4 ± 0.3 32.9 ± 0.4 28.9 ± 0.4 2.9 ± 0.2 1.9 ± 0.2 3.6 ± 0.3
M10S3 19.4 ± 0.5 15.1 ± 0.3 15.1 ± 0.4 35.0 ± 0.7 28.4 ± 0.5 28.2 ± 0.6 3.4 ± 0.2 3.1 ± 0.2 4.4 ± 0.2

20

MR 17.7 ± 0.2 17.6 ± 0.2 13.9 ± 0.2 31.7 ± 0.3 31.8 ± 0.3 26.8 ± 0.3 1.0 ± 0.1 2.6 ± 0.2 5.7 ± 0.4
M5S1 19.8 ± 0.3 16.6 ± 0.3 14.3 ± 0.5 34.9 ± 0.4 31.0 ± 0.5 27.2 ± 0.7 1.4 ± 0.3 4.3 ± 0.4 4.3 ± 0.8
M5S2 18.2 ± 0.5 18.6 ± 0.2 15.8 ± 0.4 33.1 ± 0.6 33.5 ± 0.6 29.2 ± 0.5 2.3 ± 1.2 1.6 ± 0.2 3.4 ± 0.4
M5S3 16.4 ± 0.3 15.0 ± 0.2 13.9 ± 0.7 30.9 ± 0.4 28.2 ± 0.2 26.7 ± 1.0 2.6 ± 0.3 3.8 ± 0.3 3.5 ± 0.6
M10S1 20.0 ± 0.1 18.8 ± 0.5 16.6 ± 0.5 36.5 ± 0.3 33.4 ± 0.6 30.0 ± 0.7 1.3 ± 0.3 2.1 ± 0.1 2.5 ± 0.3
M10S2 19.8 ± 0.6 19.0 ± 0.3 15.7 ± 0.2 35.1 ± 0.3 33.9 ± 0.4 29.0 ± 0.2 2.1 ± 0.1 1.4 ± 0.2 3.4 ± 0.2
M10S3 20.6 ± 0.8 15.4 ± 0.2 15.0 ± 0.3 36.1 ± 0.9 29.0 ± 0.3 28.0 ± 0.5 2.3 ± 0.1 2.9 ± 0.1 4.6 ± 0.3

Sintering is one of the main steps during processing a ceramic product; because it is
at this stage, the consolidation of the part occurs. Factors such as firing temperature and
heating rate can affect the sintering degree and, consequently, the physical and mechanical
properties of the material [23]. Therefore, it is worth noting that the samples’ quick-firing
(i.e., higher heating rates) did not significantly compromise the mechanical properties. At
temperatures of 800 and 900 ◦C, there was no considerable variation in the properties with
the increase in the heating rate. This fact is relevant for the industry since rapid burning in
the manufacture of ceramic parts reduces energy expenditure and saves companies.

Regarding the incorporation of the scheelite tailings, in general, the difference in
the tailings type (ST1, ST2, and4 ST3) did not cause significant changes in physical and
mechanical properties. This is because the three tailings had similar chemical compositions
(see Table 2). Such behavior indicates that the tailings from different stages of processing
of scheelite can be incorporated into masses for the manufacture of red ceramic products
without significantly compromising the physical and mechanical properties.

3.5. Carbonation Resistance

Figure 5a–d presents the physical and mechanical properties comparison before and
after carbonation of samples sintered at 1000 ◦C and a heating rate of 5 ◦C min−1. Such
condition was chosen due to the better properties compared to the others. After 3 months
of natural aging, the samples significantly reduced physical and mechanical properties
(increasing WA and AP and decreasing FS). These changes may be related to the carbon-
ation process. In general, all samples showed similar WA, AP, and FS values, except for
M5S2 sample that presented the highest FS value and closed those measured before the
carbonation study. Under the percentage viewpoint, the M5S2 sample showed less loss of
mechanical strength (~3.6%), while the M5S1 sample showed more significant loss (~57%).

Carbonation is a physical-chemical process in which the CO2 present in the atmo-
sphere reacts with calcium hydroxide to form calcium carbonate, precipitating inside the
microstructure [25]. This process can cause variation in porosity due to the destruction
of the mineral through the action of carbonic acid-producing irregular surfaces and an
increase in macro and mesoporosity. The precipitation of carbonates fills the micropores
and increases the nanoporosity [29,46].
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Figure 5. Physical and mechanical properties of the samples fired at 1000 ◦C (heating rate equal
to 5 ◦C min−1) before and after carbonation: water absorption (a), apparent porosity (b), flexural
strength (c), and percentage of increase/decrease (d). The carbonation was evaluated after 3 months
of natural aging.

In this study, the increase in porosity may be related to the dissolution of the material
and the decrease in the flexural strength associated with new asymmetric crystal growth
that can generate tensions within the material that contributes to the formation of the
cracks. Therefore, pieces obtained with ceramic masses containing tailings rich in CaO (as
in the case of scheelite tailings) must be evaluated after the fired step, as the carbonation
phenomenon may compromise its function over time.

The X-ray diffraction patterns of samples submitted to the natural aging test for
3 months are shown in Figure 6. The following crystalline phases were observed: quartz
(SiO2, JCPDS 46-1045), anorthite (CaAl2Si2O8, JCPDS 89-1472), calcite (CaCO3, JCPDS
72-1937), and monohydrocalcite (CaCO3.H2O, JCPDS 83-1923). Compared with the diffrac-
tograms present in Figure 4c, it is possible to notice an increase in the intensity of the peaks
in the region where the anorthite phase is located, probably due to a new phase of mono-
hydrocalcite. The monohydrocalcite from the beginning of the carbonation process will be
transformed into carbonate to form calcite later. The newly formed calcite arises from the
reaction of the CO2 present in the environment with the calcium hydroxide contained in
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the samples. It is probably still present in the samples after the firing step; however, the
peaks were not identified due to the low quantity or amorphous form.

Figure 6. XRD patterns measured from samples sintered at 1000 ◦C and heating rate of 5 ◦C min−1

after 3 months of natural aging in an internal laboratory environment. Q—Quartz; A—Anorthite;
C—calcite; Hc—Monohydrocalcite.

Figure 7 shows the SEM images acquired from the fractured surface of the M5S1, M5S2,
and M5S3 samples, sintered at 1000 ◦C and heating rate of 5 ◦C min−1, before and after
carbonation. It is possible to visualize particle agglomeration of different sizes and shapes,
as well as quartz grains. Spherical particles are present in all samples (red circles in the
images). Those particles are probably relative to the anorthite phase, confirming the peaks
in Figures 4 and 6. After carbonation, the samples presented more pores on their surface.
Furthermore, needles were observed (squares highlighted in blue in the images). Those
needles are probably relative to the monohydrocalcite phase, which corroborates with the
XRD peaks identified in Figure 6. A similar structure was observed by Martín et al. [46].
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Figure 7. Scanning Electron Microscopy images of samples before (a,c,e) and after (b,d,f) carbonation.

4. Conclusions

Based on the results of this study, it is possible to conclude that incorporating scheelite
tailings in ceramic masses for application in red ceramics is a viable alternative. After
studying the firing parameters, the following conclusions can be drawn:

• The DRX standards of the 900 and 1000 ◦C sintered samples identified the gehlenite
and anorthite phases, which contributed to the increase of the mechanical resistance
of the materials.

• No significant differences were observed in the physical and mechanical properties as
a function of the different types of scheelite tailings (ST1, ST2, and ST3) incorporated
into the ceramic masses.

• The best physical and mechanical properties (lower water absorption and porosity val-
ues and higher flexural strength values) were obtained for samples with 5% scheelite
tailings and heated at a rate of 5 ◦C min−1. For samples with 5% tailings and sintered
at 1000 ◦C, the increase in the heating rate from 5 to 10 ◦C min−1 did not significantly
compromise the properties.

• Samples exposed to ambient conditions for 3 months showed a loss of physical and
mechanical properties, probably due to the onset of the carbonation phenomenon.
The M5S2 and M10S2 samples were the ones that presented the lowest percentages of
resistance loss.

• The incorporation of scheelite tailings presented the potential for application in red
ceramics and an alternative to reduce environmental pollution and conserve min-
eral resources.
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Abstract: This study presents the development of new eco-friendly mortar compositions containing
kaolin residues (KR) and assesses their durability behavior. Firstly, the natural and calcinated kaolin
residues (600 ◦C, 650 ◦C, 700 ◦C, 750 ◦C, and 800 ◦C) were characterized by X-ray diffraction (XRD),
differential thermal analysis (DTA), granulometric analysis, and surface area. The kaolin residue
calcinated at 800 ◦C was chosen to be added to new compositions of mortar because it presented
the best pozzolanic performance. The aging tests accomplished in internal (Ei) and external (Ee)
environments were applied in mortars with a mass proportion of 1:2:6 (cement + KR: lime: sand), in
which the KR, calcinated at 800 ◦C, replaced the cement in the mass fraction of 0%, 5%, 10%, 15%,
20%, and 30%. The Ei was performed for 30, 60, 90, 180, and 360 days, and the Ee for 90; 210; 360;
and 512 days. After the aging tests were completed, the mortar compositions containing KR were
evaluated to determine their mineralogical phases (XRD), compressive strength (CS), and thermal
behavior (DTA and thermogravimetry). In summary, the KR addition to the mortar compositions
decreases the mechanical resistance to compression; however, mortars with a substitution of 10% and
20% presented resistance values within the minimum limit of 2.4 MPa established by ASTM C 270.

Keywords: kaolin; solid residues; pozzolanic activity; cement mortar; carbonation

1. Introduction

Sustainable construction materials are being increasingly studied to minimize the
environmental impacts generated by the civil construction sector. Many studies have
targeted alternative materials to replace the use of cement in concretes and mortars to
improve their sustainability. This is because the Portland cement production process
releases one of the highest CO2 emission rates in the world. It is estimated that about one
ton of carbon dioxide is created for each ton of Portland cement produced [1–3].

Several studies have been carried out using alternative cementitious materials to
replace Portland cement in concretes and mortars to mitigate their environmental im-
pacts and reduce costs. Among the alternative materials are fly ash [4–6], blast furnace
slag [7–9], eggshell powder [2,10], silica fume [11–13], limestone [14,15], calcium carbide
residue [16], and calcined kaolin residue, which is undoubtedly one of the most well known
alternative cementitious materials [17]. The kaolinite clay is the main constituent in the
kaolin residues. When such residues are submitted to thermal treatment, under controlled
conditions, kaolinite dehydroxylation is guaranteed, whereby it transforms itself into an
amorphous structure called metakaolinite. Metakaolin can be used in civil construction
and added to mortars to act as a material pozzolanic. The main property of a pozzolana is
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its ability to react and combine with calcium hydroxide, forming stable compounds with
an agglomerating power, such as hydrated calcium silicates and aluminates [17–19].

The positive effects exerted by pozzolans on the mechanical properties and durabil-
ity of mortars and concretes have been emphasized in several studies. Al-Akhras [20]
investigated the sulfate resistance of concretes produced from the mixture of metakaolin-
ite (MK) with Portland cement (PC), at the substitution levels of 5, 10, and 15 wt%, and
concluded that such a substitution was beneficial for the resistance to the sulfate, which
increases with the increase in MK content in the mixture. Guneyisi et al. [21] used MK to
substitute Portland cement at levels of 10 and 20 wt% to improve the performance of the
concrete. The authors evaluated the durability properties of samples produced from water
absorption (WA), drying shrinkage (DS), and porosity (P) measures, and reported that the
incorporation of MK reduced the drying shrinkage deformation and improved the pore
structures of the samples. In addition, they observed a decreasing trend in WA with an
increase in the MK content.

It is worth mentioning that durability evaluation is undoubtedly the most critical
aspect of cementitious material development because, for it to be reliable, knowledge of
its conditions of use and its useful life is essential [22–24]. Although the calcined kaolin
residue has been extensively studied as a pozzolanic material, studies that addressed
the long-term durability behavior of mortars containing kaolin residue are still scarce.
Therefore, this work aims to use calcined kaolin residue as a partial substitute for cement
in different percentages (0%, 5%, 10%, 15%, 20%, and 30%) in the composition of mortar
for coating, and to assess the overall impact on the long-term durability behavior. Mortar
durability will be evaluated by natural aging tests in the internal (30, 60, 90, 180, and
360 days) and external (90, 210, 360, and 512 days) environments.

2. Materials and Methods

2.1. Raw Materials

The Portland cement type CPII-F 32 (PC) was used as a binder following the ASTM
C150 standard (CIMPOR BRASIL) [25]. This cement was used because it does not have
the addition of pozzolan. The other materials used were hydrated lime (HL) (Carbomil);
sand (S), with a density of 2.6 g/cm3 and an average particle diameter of 4.8 mm; and
kaolin residue (KR) supplied by Caulim Caiçara S/A (Brazil). The as-received kaolin
residue was pulverized in a MultiNo® (270 M/S/M) compressed air mill for 30 min, and
heat-treated for 2 h at different temperatures (600 ◦C, 650 ◦C, 700 ◦C, 750 ◦C, and 800 ◦C).
The heat treatments were carried out in an electric oven (Flyever Equipment, FE 50 RP) at a
heating rate of 5 ◦C/min−1.

2.2. Preparation and Curing of the Mortar Samples

Samples with a mass proportion of 1:2:6 (cement + KR: lime: sand) were prepared
with and without the kaolin residue. In the samples with kaolin residue, the cement was
replaced. The mass fractions of Portland cement substitutions by calcined kaolin residue
were 0%, 5%, 10%, 15%, 20%, and 30%.

The raw materials were mixed in a mechanical planetary motion mixer for 5 min. After
that, water was added to the mixture until the consistency index was 260 ± 10mm (ASTM
C 1437) [26]. The test specimens were molded in a cylindrical mold with the dimensions
of 50 mm × 100 mm (diameter × height). After 24 h, the samples were demolded and
immersed in water with lime (2% concentration) for 30 days. This procedure was carried
out to avoid carbonation. Table 1 provides details of the proportions used for the mortars
and the nominal composition of replaced cement.

2.3. Mortar Durability Assessment

Aging tests in internal (Ei) (laboratory) and external (Ee) environments were carried
out to evaluate the durability of the two mortar compositions studied. All experiments
were carried out in triplicate. The aging test specimens in an internal environment were
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kept in a place protected from external climatic actions (a laboratory environment with
temperatures between 21 ◦C and 30 ◦C, and an air humidity of ~78%) for 30, 60, 90, 180,
and 360 days. The test specimens submitted to the aging test in an external environment
were kept in a place that permitted their exposure to the environment’s natural climatic
conditions. The samples from this test were kept in this environment for 90, 210, 360, and
512 days.

Table 1. Nominal composition and percentages of cement replaced by calcined kaolin residue.

Designation
Percentage of PC Replaced by KR (%)

PC KR

M0 100 -
M5 95 5

M10 90 10
M15 85 15
M20 80 20
M30 70 30

2.4. Characterizations

The chemical composition was defined using X-ray fluorescence (Shimadzu, EDX 720).
The mineralogical phase characterization was performed by X-ray diffraction (XRD) using
a Shimadzu XRD6000 equipment with Cu Kα radiation (40kV/30mA), and a goniometer
speed of 2 ◦C/min−1, step of 0.02◦, and the JCPDS database. Thermogravimetric (TGA)
and differential thermal (DTA) analyses were performed using a BP Engenharia equipment
(model RB-300) with a nitrogen atmosphere and heating rate equal to 12.5 ◦C/min−1. All
thermal analyses were performed in platinum crucibles and the temperature range was
kept between 25–1000 ◦C. Before the mineralogical (XRD) and thermal (TGA and DTA)
tests, the mortar samples were packed in polyethylene bags to prevent carbonation and the
tests were carried out on the same day.

The particle size distribution of kaolin residue was determined by laser diffrac-
tion (Cilas, 1064 LD), and the specific area was evaluated using the BET methodology
(ASAP 2420 V2.02). The pozzolanic activity (IPA) was measured from test specimens
(50 mm x 100 mm) manufactured from two mortar compositions. The first composition,
called reference mortar (mortar ref.), only contained Portland cement. In the second com-
position (mortar KR), 20% of the cement was replaced by calcined kaolin residue. In both
compositions, the H2O/PC or H2O/(PC + KR) ratio was equal to 0.485, as specified in
ASTM C311M [27]. Compressive strength (CS) measurements were performed using test
specimens cured for 7, 14, and 28 days, and the IPA value was calculated with the aid of
Equation (1):

IPA(%) =
CSMKR
CSMRe f

× 100 (1)

where CSMRef (MPa) and CSMKR (MPa) correspond to the CS values measured using the
mortar ref. and mortar KR samples, respectively.

After each exposure period (durability tests), compressive strength tests were car-
ried out in accordance with ASTM C39/C39M [28]. All experiments were performed
on a universal mechanical testing machine (SHIMADZU, AG-IS) with a loading speed
of 0.25 ± 0.05 MPa/s. Mineralogical (XRD) and thermal (TGA and DTA) tests were also
carried out to monitor the phase transformations.

3. Results and Discussions

3.1. Raw Materials Characterizations

The chemical compositions of Portland cement type CPII-F 32, hydrated lime, and kaolin
residue are listed in Table 2. Figure 1a,b show XRD patterns of Portland cement type CPII-F
32 and of hydrated lime. The mineralogical phases: tricalcium silicate (C3S—3CaO·SiO2,
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JCPDS 49-0442); dicalcium silicate (C2S—2CaO·SiO2, JCPDS 33-0302); tricalcium aluminate
(C3A—3CaO·Al2O3, JCPDS 38-1429); iron tetracalcium aluminate (C4AF—4CaO·Al2O3·
Fe2O3, JCPDS 30-0226); calcium carbonate (CaCO3, JCPDS 05-0586); and calcium sulfate
hemihydrate (CaSO4·1/2H2O, JCPDS 0041-0244), were detected in the Portland cement
(Figure 1a). In the hydrated lime (Figure 1b) the phases of portlandite (Ca(OH)2, JCPDS
72-0156) and calcite (CaCO3, JCPDS 05-0586) were detected.

Table 2. The chemical composition of Portland cement type CPII-F 32, hydrated lime, and kaolin residue.

Raw Materials
Oxides

SiO2 Al2O3 Fe2O3 K2O MgO CaO SO3 Others LOI 1

PC 19.6 10.3 1.1 - 11.5 38.0 8.3 1.5 9.7
HL 1.6 0.6 0.1 0.3 1.6 72.3 - 0.4 23.1
KR 58.8 36.0 0.2 1.6 2.2 - - 0.4 0.8

1 LOI—Loss on ignition measured after drying at 110 ◦C and firing at 1000 ◦C.

  θ θ

Figure 1. The XRD patterns measured from Portland cement type CPII-F 32 (a) and hydrated lime (b).

Figure 2a–f show the XRD patterns of natural and calcined kaolin residues at dif-
ferent temperatures (600 ◦C, 650 ◦C, 700 ◦C, 750 ◦C, and 800 ◦C). The mineralogical
phases: quartz (SiO2, JCPDS 46-1045); mica (KMg3(Si3Al)O10(OH)2, JCPDS 83-1808); and
kaolinite (Al2Si2O5(OH)4, JCPDS 14-0164) were detected in the natural kaolin residue.
Except for kaolinite, all other mineralogical phases were also identified in the calcined
kaolin residues. At temperatures above 500 ◦C, the kaolinite suffers dehydroxylation
with the consequent breakdown of the structure, which then forms the metakaolinite
(Al2Si2O5(OH)4 → Al2O3·2SiO2 + 2H2O). However, the characteristic amorphous band of
metakaolin is not evident in Figure 2b–f, due to the relatively high intensity of the quartz
peak (2θ = 26.64◦).

The DTA curves measured from natural and calcined kaolin residues are shown in
Figure 3. The natural kaolin residue has an endothermic peak at around 600 ◦C, which is
characteristic of kaolinite dehydroxylation, giving rise to amorphous metakaolinite [29].
Such a kaolinite dehydroxylation peak (at 600 ◦C) was not observed in the DTA curves
measured from the calcined kaolinite residues. An exothermic peak at 900 ◦C is related to
mullite nucleation [30,31], which was identified in all DTA curves.

The granulometric and surface area analysis of Portland cement particles, hydrated
lime, and natural and calcined kaolin residues are listed in Table 3. In general, the natural
and calcined kaolin residues presented an average particle diameter between 12.1 μm
and 19.0 μm. The specific surface area is a relevant factor in the pozzolanic reaction
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since it depends strongly on the structure of the surface and its specific area [32,33]. It
is worth remembering that the larger the specific area, the greater the reactivity of the
material. Furthermore, the material’s specific area tends to be larger if the particle size is
smaller [34,35]. A greater fineness of the kaolin residue leads to an improvement in its
pozzolanicity. Therefore, the calcined kaolin residue at the temperature of 800 ◦C was
used to prepare the mortar compositions investigated in this study because it had the
smallest average particle diameter (12.8 μm) and the largest specific area (25.95 m2/g).
Huang et al. [29] evaluated the influence of the calcination temperature (500–1000 ◦C) on
the pozzolanic activity in the kaolin residues from southwest China. They found that the
best calcination temperature for converting the kaolin residue into metakaolin with a high
pozzolanic index was 800 ◦C.

   

   

Figure 2. The XRD patterns measured from natural kaolin (a) and calcined residues at 600 ◦C (b),
650 ◦C (c), 700 ◦C (d), 750 ◦C (e), and 800 ◦C (f). (M: Mica, Q: Quartz, and K: Kaolinite).

Figure 3. The DTA curves of natural and calcined kaolin residues at 600 ◦C, 650 ◦C, 700 ◦C, 750 ◦C,
and 800 ◦C.
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Table 3. The particle diameters of the Portland cement (PC), hydrated lime (HL), and natural and calcined kaolin residues
(KR) at 600 ◦C, 650 ◦C, 700 ◦C, 750 ◦C, and 800 ◦C.

Diameter and
Specific Area

Raw Materials

PC HL KR Natural KR 600 ◦C KR 650 ◦C KR 700 ◦C KR 750 ◦C KR 800 ◦C

D10 (μm) 1.8 0.8 1.4 2.9 1.6 2.8 2.6 1.5
D50 (μm) 13.8 5.7 9.3 14.3 10.1 14.1 13.8 9.4
D90 (μm) 43.9 21.1 25.8 42.7 29.7 42.5 42.8 27.8
Dm (μm) 19.1 9.0 12.1 19.0 13.6 18.8 18.7 12.8

Specific area (m2/g) - - 29.73 24.98 23.18 25.10 20.52 25.95

D10 = Diameter at 10%; D50 = Diameter at 50%; D90 = Diameter at 90%; and Dm = Average diameter.

Figure 4 shows the compressive strength (CS) and the pozzolanic activity index (IPA)
measured from mortars without and with kaolin residue calcined at 800 ◦C (mortar ref. and
mortar KR 800 ◦C, respectively). As previously mentioned, in the sample used to assess
the IPA value, 20% of the cement was replaced by calcined kaolin residue. All samples were
cured for 7, 14, and 28 days. For samples cured for 7 days, it was observed that the addition
of kaolin residue resulted in a decrease in compressive strength of 8.2% (IPA = 91.8%).
Such behavior occurred because replacing part of the cement with pozzolan decreases its
resistance, due to less cementing fraction. In addition, pozzolanic reactions are slow, so
it is only with time that resistance increases. Such behavior is related to the formation of
calcium silicate hydrate (CSH) resulting from the reaction between calcined kaolin residue
and portlandite, i.e., a pozzolanic reaction. As expected, the CSH formation increases the
mechanical strength. For cure times equal to 14 and 28 days, the mortar KR 800 ◦C sample
showed slight CS values than the samples measured for the mortar ref. (IPA > 100%). From
the perspective of mechanical strength, this result indicates that the kaolin residue, calcined
at 800 ◦C, has the potential to replace cement in mortar. All IPA values were higher than the
minimum limit of 75% recommended by ASTM C618 [36].

 
Figure 4. The compressive strength and pozzolanic activity index values for mortar ref. and mortar
KR 800 ◦C samples.

3.2. Mortar Properties after Aging in Internal and External Environments

Figure 5a–e shows XRD patterns of mortar KR 800 ◦C aged under internal environ-
ments (Ei) for 30, 180, and 360 days (Figure 5a–c) and external environments (Ee) for
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360 and 512 days (Figure 5d–e). The portlandite (Ca(OH)2, JCPDS 72-0156); ettringite
(3CaO · Al2O3 · 3CaSO4 · 32H2O, JCPDS 72-0646); calcite (CaCO3, JCPDS 05-0586); and
quartz (SiO2, JCPDS 46-1045) were phases identified in the mortars exposed to the internal
and external environment. However, the intensity of the portlandite phase peaks decreased
with time. Such behavior is strongly related to the pozzolanic reactions and the carbonation
process. This indicates that the pozzolanic reaction and the carbonation process, over time,
have consumed the portlandite.

  

θ θ θ

 

 

θ θ

Figure 5. The XRD patterns of aged mortars in the internal environment of the laboratory for 30 days (a); 180 days (b); and
360 days (c), and of the exposure to the external environment for 360 days (d) and 512 days (e). (P: Portlandite, E: Ettringite,
Q: Quartz, and C: Calcite).

Figure 6a–d show the TGA and DTA curves of mortars aged in an internal environ-
ment for 30 days (Figure 6a,b) and 360 days (Figure 6c,d). In general, it is possible to see
that all the curves have a similar thermic profile. In summary, all mortars show four stages
of mass loss. The first stage is identified in the temperature range between 25–100 ◦C and
is associated with the evaporation of free water, adsorbed water loss, and water coordi-
nated to cations. The second stage occurs in the temperature range between 101–400 ◦C
and corresponds to the dehydration of ettringite, hydrated calcium silicate (CSH), and
the decomposition of hemi compounds and monocarbonates (AFm). The dehydration
regions of CSH and ettringite are superimposed; however, it is possible to observe peaks
at around 156 ◦C which correspond to the loss of water in the ettringite phase [37–39].
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The decomposition of hemi and monocarbonate components is more evident at 360 days
(Figure 6d), a process in which it is possible to observe the formation of an endothermic
band at around 215 ◦C. The last 2 stages occur in the temperature range between 401–500 ◦C
and 501–1000 ◦C, and are related to the decomposition of calcium hydroxide (Ca(OH)2
→ CaO + H2O) and calcium carbonate (CaCO3 → CaO + CO2), respectively [40–42]. The
mass loss in these regions can be used to determine the Ca(OH)2 and CaCO3 content.
It is worth mentioning that calcite (CaCO3), a carbonation product, tends to reduce the
mortars’ strength.

 

  
Figure 6. The TGA and DTA curves of mortars subjected to curing periods in an internal environment for 30 days (a,b) and
360 days (c,d). All the samples were heated with a heating rate of 12.5 ◦C/min−1 and up to 1000 ◦C in a nitrogen
gas atmosphere.

An increase in loss was observed for all samples studied after 360 days of aging in
the internal environment (Figure 6c,d). This result may be related to the exposure of the
mortars to the ambient air, causing carbonation from the reaction with CO2. In fact, the
intensity of the endothermic peaks related to calcite decomposition (CaCO3) increases
with time (see Figure 6b,d). Moreover, the intensity of the endothermic peaks, from the
dehydroxylation of portlandite (Ca(OH)2) decreased significantly with time. This indicates
that portlandite was consumed by the carbonation reaction.

For M0 (mortar without KR) the mass loss in the fourth region (i.e, the zone related
to calcite decomposition) was approximately 18.6% and 32.7%, at 30 days and 360 days,
respectively. However, for the samples with KR (M5, M10, M15, M20, and M30) the losses
in this region were smaller, in the range of 9.9–11.6% and 30.4–31.6%, at 30 and 360 days.
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This indicates that the formation of CSH was probably favored in the samples with calcined
KR and, as a consequence, the carbonation effect was relatively moderate.

Figure 7a,b show the DTA curves of mortars aged naturally in an external environment
for 90 days (Figure 7a) and 512 days (Figure 7b). For all compositions, endothermic peaks
were observed at around 156 ◦C and 215 ◦C, which are related to ettringite and AFm
(hemicarbonate and monocarbonate) phases, respectively [39,43]. It is known that calcined
KR, in addition to silicon, has a high content of alumina in its composition (see Table 1).
Thus, the presence of hemi and monocarbonate compounds are probably associated with
the chemical reaction of calcite (CaCO3) from lime, and the extra alumina present in the
system is likely due to the addition of kaolin residue. It is important to emphasize that the
formation of hemi and monocarbonate compounds inhibits the formation of monosulfate,
so the ettringite remains in the system for a longer period of time [44]. The ettringite, hemi,
and monocarbonate phases occupy a greater volume of solid hydrates in the mortar pores
compared to monosulfates, thus encouraging the filling up of voids and the attainment of
mechanical strength [45].

 

Figure 7. The DTA curves of mortars subjected to curing periods in an external environment for 90 days (a) and 512 days (b).
All the samples were heated with a heating rate of 12.5 ◦C/min−1 in a nitrogen gas atmosphere.

Intense peaks at ~461–480 ◦C and ~750 ◦C were also observed, which are associated
with portlandite and calcium carbonate. This indicates that all mortars present an excess of
free lime. The increase in the curing time from 90 to 512 days caused the displacement and
intensification of the peak relative to calcium carbonate. With the displacement, the CaCO3
peak occurred from ~752 ◦C to ~788 ◦C. Such behavior is related to the consumption of
portlandite by the pozzolanic reaction and carbonation.

In carbonation, CO2 comes into contact with water and the carbonate elements
(Ca(OH)2, C-S-H, C2S, and C3S) in the mortar pores. This process depends on relative
humidity, temperature, and CO2 concentration. Furthermore, the inefficient compaction
and high water–cement ratio generate high permeability in the material [46]. For mortars
cured at 512 days (Figure 7b), it is possible to observe the appearance of exothermic bands
between the temperatures of 215–450 ◦C. These bands refer to the crystallization of CSH.

Figure 8a–f show the CS values and percentages of increase/decrease in the sam-
ples submitted to natural aging in the internal (Figure 8a,c,e) and external environments
(Figure 8b,d,f). In Figure 8a, it is possible to observe an increase in the compressive strength
of samples cured up to 180 days. Such behavior is related to the cement hydration process
and the pozzolanic reactions.
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Figure 8. The compressive strength and the percentage of increase/decrease in the aged mortars in the internal environment
of the laboratory for 30, 60, 90, 180, and 360 days (a,c,e), and the exposure to the external environment for 90; 210; 360; and
512 days (b,d,f).

The main products formed during the cement hydration process are hydrated calcium
silicate (primarily CSH) and portlandite Ca(OH)2. CSH is a non-crystalline product, called
agglomerating gel, that provides resistance to mortar and concrete and contributes signifi-
cantly to the durability of cementitious materials. Moreover, due to the pore refinement
process, there is a decrease in the permeability of the system and, therefore, a hinderance to
the contact of reactive substances with the cement. On the other hand, portlandite consists
of low resistance crystals that are soluble in water and which do not contribute to the
material’s resistance and durability [6,47,48].
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In the pozzolanic reaction, the calcined kaolin residue (metakaolin) reacts with calcium
hydroxide (portlandite) to form additional hydrated calcium silicate (secondary CSH), see
Equation (2). Figure 9 shows the schematic representation of the microstructure of the
material without pozzolan and with the incorporation of pozzolan. The CSH particles
are smaller when compared to Ca(OH)2, and have the ability to occupy capillary voids.
These particles also have a greater specific area, providing the cement paste with greater
mechanical resistance [49].

3Ca(OH)2 + SiO2 → 3CaO · SiO2 · 3H2O (2)

Figure 9. The schematic representation of the microstructure of cementitious material with and
without the addition of pozzolan.

Regardless of the aging test type (internal and external environments), M10, M15,
and M30 samples showed lower compressive strength values than the reference sample
(M0). Moreover, at the end of the aging period in the internal environment (30 to 360 days),
there was no resistance gain for M10, M15, and M30 samples. It is noteworthy that the
M15 sample showed a 33% reduction in resistance to the initial cure time (30 days), see
Figure 8e. These same mortars showed similar behavioral patterns when subjected to aging
in an external environment (Figure 8d,f), which indicates that, although it has presented
considerable initial gains, the replacement of cement with calcined kaolin residue, in
the proportions of 10%, 15%, and 30%, did not lead to an improvement in its durability
over time.

In general, there is a considerable decrease in the mechanical strength for all mortars
with the evolution of the curing time ranging from 180 to 360 days (internal environment
aging: Figure 8a) and from 360 to 512 days (external environment aging: Figure 8b). Such
behavior can be associated with the carbonation process. Carbonation occurs due to
carbon dioxide gas (CO2), present in the air, penetrating the mortars through the pores
in the material. In the presence of water, CO2 dissolves and forms CO3

2− ions which
react with Ca2+ ions to form calcite, as shown in Equation (3). Ca2+ ions originate mainly
from portlandite.

Ca(OH)2 + CO2
H2O→ CaCO3 + H2O (3)

In addition to the portlandite, other hydrated compounds (calcium aluminates and
silicates) are also sensitive to CO2 attack. The reaction between CO2 and Ca(OH)2 is more
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favorable from a kinetics viewpoint. For example, the reaction between CO2 and Ca(OH)2
is three times faster than the reaction between CO2 and CSH, which is twenty times faster
than the reaction between CO2 and C2S, and fifty times faster than the reaction between
CO2 and C3S [17,50]. Figure 10 schematically shows the carbonation process that occurs
when CO2 enters the mortar surface through the pores in the material.

 

Figure 10. The schematic representation of the carbonation process.

The composition with 20% of residue (M20) presented the lowest percentage of re-
sistance loss among all the compositions, and was the only case that, at the end of the
whole process, presented resistance gain in both forms of aging (internal and external
environments), see Figure 8e,f. At the end of the 360 days, in the internal environment
aging test, the compressive strength of this composition surpassed the MPa of the other
compositions (3.3 ± 0.25). This shows that, even with carbonation, the M20 sample de-
graded less. This behavior is probably associated with the greater packaging of particles,
making CO2 access more difficult and reducing the carbonation effect. Figure 11 shows the
water absorption results (WA) of the mortars after the aging test in the internal environment.
It is possible to observe that, at the end of the 360 days, M20 presented the lowest value
of WA (12.6 ± 0.3)% compared with the other compositions. In this way, it is reasonable
to infer that the M20 sample presented minor porosity, at least between 90 and 360 days
of acting under the internal environment. Such a conclusion strengthens the idea of CO2
access reducing the carbonation effect.

Therefore, the porosity present in the mortars and concretes is one factor that can affect
durability and stability since it facilitates the aggressive agent diffusibility to the material,
such as carbon dioxide, acidic solutions, and sulfides. Thus, it is essential to highlight the
importance of studying the degradation behavior of mortars containing residues, since
the result of their resistance, which is generally measured after curing in 28 days, does not
always indicate the real behavior of this material over time. Furthermore, it is essential to
consider the content of substitution for the use of residues in mortars. The M0, M10, and
M20 samples presented resistance values within the minimum limit (2.4 MPa) established
by ASTM C 270 [51] in both types of aging tests (internal and external environments).
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Figure 11. The water absorption of the aged mortars in the internal environment of the laboratory
for 30, 60, 90, 180, and 360 days.

4. Conclusions

Based on our results, it can be concluded that the partial replacement of Portland
cement with kaolin residue in coating mortars is feasible. The addition of calcined kaolin
residue in the mortars reduced the mechanical resistance to compression in practically
all substitution levels. However, mortars with a 10% and 20% substitution presented
resistance values within the minimum limit of 2.4 MPa established by ASTM C 270. The
content of replacing cement with a kaolin residue influenced the durability behavior of
the mortars. Incorporating the residue in the substitution proportions of 5%, 10%, 15%,
and 30% did not improve their mechanical resistance or durability. The composition with
20% of kaolin residues presented, again, compressive strength at the end of the entire aging
process to the initial evaluation stages. And at the end of 360 days of aging in an internal
environment, the compressive strength of this composition surpassed the MPa of the other
compositions (3.3 ± 0.25).
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