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Preface

Materials characterization is a vital part in all science and engineering practice,
as it is a fundamental process to achieve a good understanding of the processing-
microstructure-property relationship. Various advances in characterization tech-
niques and instruments in recent years have contributed, in a significant way, to
an in-depth understanding of materials properties and structure on different scales.
This enhanced understanding has also made profound impacts on process efficiency
of existing industrial processes, and the ways of minerals, metals, and materials
application in many fields.

This year, the Characterization of Minerals, Metals, and Materials symposium
received 126 abstract submissions, of which 46 papers were accepted in 8 technical
sessions. This symposium is among one of the largest in the TMSAnnual Meeting &
Exhibition. The proceedings volume includes state-of-art techniques used in modern
minerals, metals, and materials characterization, and the latest research in the field of
materials engineering and technologies. This proceedings publication is a valuable
reference for academia scholars and industry professionals who are interested in
advanced characterization methods and instrumentations that cover a wide range
of research subjects. Readers will enjoy the diversity of topics in this book with
innovative approaches to process and characterize materials at various scales and
levels.

The Characterization of Minerals, Metals, and Materials 2022 symposium is
sponsored by the Materials Characterization Committee under the Extraction &
ProcessingDivision (EPD) of TMS. Themain focuses of this symposium include, but
are not limited to, advanced characterization of extraction and processing ofminerals,
process-microstructure-property relation of metal alloys, ceramics, polymers, and
composites. New characterization methods, techniques, and instrumentations are
also emphasized.

As a lead organizer of this symposium, I would like to take this opportunity to
express my sincere gratitude to all authors for their contribution and generosity to
share their research work. On behalf of the organizing committee, I would like to
thank TMS for providing us the valuable opportunity to publish this stand-alone

v



vi Preface

proceedings volume. Much appreciation is also extended to the EPD for sponsoring
this symposium.

Most importantly, the success of this proceedings publication would not be
possible without the fabulous contribution and support from all members of the
Materials Characterization Committee. I also would like to thank our publisher,
Springer, for their timely and quality publication of this book.

Mingming Zhang
Lead Organizer
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Challenges Concerning
the Characterization of Cementite
in Low Carbon Steel Using Electron
Backscatter Diffraction

M. K. O’Brien, S. K. Lawrence, and K. O. Findley

Abstract Understanding the location and morphology of cementite precipitation
in steel has long been addressed almost exclusively with transmission electron
microscopy, particularly in low carbon steels. However, scanning electron beam tech-
niques such as electron backscatter diffraction (EBSD) could leverage automated
diffraction pattern analysis and high scan rates to improve statistics in cementite
analysis. This paper discusses challenges specific to EBSD through the lens of a
case study concerning low carbon microalloyed pipeline steel. Correlations between
secondary electron (SE) and EBSD micrographs of a low carbon, microalloyed steel
etched with 2 pct nital could not effectively verify the presence of cementite identi-
fied using EBSD. Pixels identified as cementite by the EBSD software often held a
43.6° || <100> axis/angle relationship reflected in grain boundary texture misorienta-
tion distributions. Further investigations of the ferrite/cementite interfaces displaying
this 43.6° || <100> relationshipwere undertaken byutilizing pole figures of threewell-
known orientation relationships (OR) between ferrite and cementite, which resulted
in the best match with the Bagaryatskii OR. Some questions concerning interaction
volumes and indexing/phase identification algorithms are presented with respect to
cementite characterization, as well as a proposal for future work to consider possible
pseudosymmetric phenomena in specific ferrite orientations.

Keywords EBSD · Cementite · Phase identification

Introduction

Low carbon, microalloyed steels are often used in applications where weldability
is a concern. Strength is achieved using complex thermo-mechanical processing
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schemes. Microalloying elements such as niobium and vanadium are added with
the intention of high temperature precipitation in austenite during rolling such that
subsequent rolling at temperatures below the temperature for recrystallization results
in grain refinement as the precipitates pin grain boundaries. Further strengthening
can also be achieved by accelerated cooling upon completion of finish rolling, which
can result in non-equiaxed ferrite with M/A constituents, also known as granular
bainite.

There are several techniques that have traditionally been used to characterize the
size and spatial distribution of cementite in low carbon steels. The predominant tech-
nique is transmission electron microscopy (TEM), utilizing diffraction, bright field,
and dark field modalities. If the cementite precipitates in known orientation relation-
ships with ferrite, a combination of diffraction and dark field techniques can be used
to unequivocally identify cementite. However, due to the small sample size inherent
in TEM samples, it is time consuming and difficult to obtain a statistically signif-
icant number of precipitates. Capitalizing on nital etchant response and secondary
electron micrographs to provide larger sampling regions and thus a higher number
of precipitates is another common technique of cementite characterization, but this
technique suffers from both resolution limits and ambiguity regarding the interpre-
tation of cementite as opposed to retained austenite, or other precipitates. Lastly, the
use of TEM carbon extraction replicas offers some reduction in ambiguity relative to
SEM etching techniques, and an increase in the number of precipitates analyzed rela-
tive to thin foils, but removes the ability to relate the location and size of cementite
precipitates to any characteristics of the original matrix. Improvement of scanning
electron beamdiffraction techniques of bulk samples could overcome the small statis-
tical sampling size inherent in TEM-based techniques, while providing options for
confirming cementite identification by means of dynamical diffraction techniques
such as EBSD.

Orientation Relationships Between Cementite and Ferrite

Cementite precipitation can occur by several different mechanisms tied to different
orientation relationships between the parent ferrite and daughter cementite. Deter-
mining the orientation relationships could assist in identifying when the cementite
precipitated during thermo-mechanical processing, in addition to being a verification
tool for understanding the veracity of cementite phase identification using EBSD.
Cementite is orthorhombic with lattice parameters a = 0.452 nm, b = 0.674 nm, and
c = 0.509 nm [1, 2]. The cementite unit cell has 12 iron atoms and 4 carbon atoms,
as shown schematically in Fig. 1. Three orientation relationships, the Bagaryatskii,
Isaichev, and Pitsch-Petch relationships, are shown in Table 1. In pearlitic steels,
the cementite and ferrite lamellae nucleate and grow simultaneously according to a
Pitsch-Petch relationship [3–5]. The Pitsch-Petch relationship is also observed when
cementite forms at the austenite/ferrite interphase boundary in upper bainite [6].
When cementite precipitation occurs in supersaturated ferrite or martensite during
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Fig. 1 Three-dimensional representation of the cementite unit cell where the orange atoms
represent iron and the grey atoms represent carbon [2] (Color figure online)

Table 1 Three orientation
relationships between ferrite
and cementite

Bagaryatskii Isaichev Pitsch-Petch

[100]c‖ [110]f [100]c‖ [111]f [100]c 2.6° from [311]f

[010]c‖ [111]f (031)c≈‖(101)f [010]c 2.6° from [131]f

(001)c‖(112)f (001)c‖(215)f

tempering, the Bagaryatskii and Isaichev ORs are often observed [5, 6]. The Bagary-
atskii and Isaichev ORs are closely related; the Isaichev OR deviates from the
Bagaryatskii OR by a rotation of 3.8° about the a-axis of the cementite lattice [3,
7–12].

Experimental

The chemical compositions of the X70 steel used in this investigation are shown
in Table 2. The thermo-mechanical processing path for the X70 steel is not known,
although steels of this grade are usually assumed to be accelerated cooled upon
finish rolling. The samples were mounted in Bakelite®, ground and polished to 1μm
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Table 2 Chemical composition of X70 plate steel [13, 14]

wt pct C Mn Si Ni Cr Ti Mo Nb

X70 0.050 1.59 0.3 0.01 0.26 0.013 0.09 0.066

wt pct V Al N S P Cu Ca

X70 0.005 0.026 0.0081 0.003 0.010 0.01 –

grit using standard metallographic procedures, and vibro-polished using 0.02 μm
colloidal silica suspension for several hours. Electron backscatter diffraction patterns
were obtained using a JEOL®-7000field emission scanning electronmicroscope (FE-
SEM). All EBSD scans were obtained using an accelerating voltage of 20 kV. Step
sizes were varied depending on the size of the scan. All data analysis was performed
using OIM Data Analysis and no clean-up procedures were applied to the data sets.

Results and Discussion

Questions about the efficacy of using EBSD to reliably characterize cementite distri-
bution in low carbon steels arose from work in which the effect of microstructure
on hydrogen induced cracking in pipeline steels was assessed [13]. In particular, the
work focused on characterizing intergranular cracks by comparing misorientation
distributions of the uncracked microstructure to misorientations across cracks [13].
Using a misorientation distribution function (MDF) in Rodriguez-Frank (RF) space
allowed for the identification of grain boundaries that occur with a higher frequency
than others, as shown in Fig. 2. The MDF of the uncracked microstructure is repre-
sented by a color gradient map where red represents boundaries that occur at ~24
multiples of a random distribution (MRD) and blue represents boundaries present
in amounts equivalent to a random distribution. Individual cracked grain boundaries
measured by manually assessing misorientations across the crack are overlayed and
represented by black dots. The boundary that appears with the highest MRD in the
uncracked microstructure is the 43.6° || <100> axis/angle pair. This axis/angle pair
is of particular interest due to the lack of cracked boundaries (black dots in Fig. 2)
measured upon hydrogen introduction, which could indicate that there are particular
boundaries that are less susceptible to cracking than others in the low carbon steel
of interest.

However, when attempting to characterize the spatial distribution of these
43.6° || <100> boundaries, it was discovered that these boundaries appeared as clus-
ters within particular ferrite grains, indicating that they are not grain boundaries.
Figure 3a is an image quality (IQ) map from a scan obtained using a 50 nm step size
in theND-TD plane, with a region rich in 43.6° || <100> boundaries outlined inwhite.
Figure 3b includes a PRIAS™ top micrograph with cementite and austenite phases
with >0.2 confidence index (CI) overlaid in green and red, respectively. PRIAS™
is an imaging modality available in EDAX® EBSD systems that uses the variation
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(a)

Fig. 2 MDF in RF space for the steel with discrete misorientation angle/axis pairs from cracked
boundaries overlaid as black dots. Locations of three special boundaries with relatively high
multiples of a random distribution are also overlaid for reference [13]

in the intensity of the diffracting electrons on the phosphor screen to create micro-
graphs with varying diffraction contrast modes [15]. When comparing the EBSD
micrographs in Fig. 3a and b, it is clear that the same regions that are rich in 43.6° ||
<100> boundaries are also rich in regions classified as cementite by the EBSD phase
identification. It is also interesting to note that the regions rich in 43.6° || <100>bound-
aries in Fig. 3a are directly adjacent to grains that do not have any 43.6° || <100>
boundaries present, indicating that the pixels identified as cementite are likely not
universal errors in phase identification, but rather either correct indexing of cementite
that precipitated in specific grains or a pseudosymmetry related error. The term pseu-
dosymmetry is often usedwhen discussingmultiple orientation solutions possible for
a given experimental Kikuchi pattern, which in practice often results in “speckling”,
or systematic color variation within a single grain.

In order to attempt to verify the accuracy of the EBSD software phase identifi-
cation, fiducial marks were created near the region of interest using a focused ion
beam, and the samples were etchedwith 2 pct nital. A secondary electron (SE)micro-
graph was then obtained, which is the bottom micrograph in Fig. 3b. Several raised
and light-colored constituents are apparent on the surface due to the nital etchant. It
is assumed that nital preferentially attacks the ferrite grains and leaves carbon-rich
constituents like austenite and cementite in relief. Several observations come about
as a result of comparing the light-colored constituents in the SE micrograph to the
phase map produced by EBSD. Constituents identified as austenite in the EBSD
phase map correlate well with constituents visible in SE upon nital etching and are
identified by black arrows. In contrast, isolated pixels identified as cementite occur
along boundaries and sporadically within the ferrite grains and do not correlate well
to individual light-colored constituents in the SE micrograph. Several constituents
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(a)

(b)

Fig. 3 a EBSD image quality map with red regions representing 43.6° || <100> boundaries and
subsequent region of interest outlined in white and b EBSD PRIAS™ top micrograph (top) with
austenite and cementite phases indicated by red and green, respectively, and (bottom) secondary
electron micrograph of 2 pct nital etched steel, with arrows pointing to austenite regions and circles
indicating possible cementite precipitates (Color figure online)
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that might be classified as cementite using SE micrographs of the nital etched steel
are indicated by black circles in Fig. 3b, but cannot be as convincingly tied to regions
identified as cementite in the EBSD maps. Therefore, a separate, diffraction-based
verification modality was undertaken.

Figure 4a is an inverse pole figure (IPF)map of the white outlined region in Fig. 3a
with boundaries within 5° of a 43.6° || <100> boundary indicated in black. Figure 4b
is a PRIAS™ top micrograph of the same region in Fig. 4a with pixels indexed as
cementite shown in green and 43.6° || <100> boundaries shown in red. Data points
indexed as cementite appear largely as isolated individual pixels in Fig. 4b and often
have red boundaries indicating a 43.6° || <100> boundary surrounding the pixel.
The three different colors (e.g. orientations) of cementite are shown below the IPF
micrograph in Fig. 4a. The fact that cementite surrounded by the special boundaries
only has 3 different colors in the IPF map may be indicative of 3 separate variants.
This observation might then in turn indicate that the cementite data points have an
orientation relationship with the ferrite, which is described by the 43.6° || <100>
axis/angle pair. To investigate if the axis/angle pair correlates to one of the three
most common ferrite/cementite orientation relationships discussed in the background
section, pole figures were created from several adjacent data points with a common
43.6° || <100> boundary.

(a) (b)

Fig. 4 EBSD maps from a region selected from Fig. 3a where a is an IPF map with 43.6° || <100>
boundaries indicated as black outlines and b is a PRIAS top micrograph with data points indexed
as cementite in green and 43.6° || <100> boundaries indicated in red. Each pixel represents data
indexed by the EBSD software (Color figure online)
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Figure 5 is a series of pole figures from adjacent ferrite and cementite data points
with 43.6° || <100> boundary relationships reflecting the most common cemen-
tite/ferrite ORs as presented in Table 1. The black circles (open and closed) in the
pole figures in Fig. 5 correspond to the ferrite poles, while the red and pink corre-
spond to the cementite poles. The closed black circles correspond to ferrite poles in
the positive hemisphere, while the open black circles correspond to ferrite poles in the

Bagaryatskii OR Bagaryatskii and Isaichev OR Bagaryatskii OR
(a) (b) (c)

Isaichev OR
(d)

Pitsch-Petch OR Pitsch-Petch OR Pitsch-Petch OR
(e) (f) (g)

Fig. 5 Pole figures obtained from adjacent cementite/ferrite data points representing the most
common cementite/ferrite orientation relationships
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negative hemisphere. Similarly, the darker red circles correspond to cementite poles
in the positive hemisphere, while the pink circles correspond to cementite poles in
the negative hemisphere. The pole figures with specific cementite poles that coincide
with a given ferrite pole indicate that those planes are parallel. Two or more of the
pole figures for a given OR that have coinciding ferrite and cementite poles could
indicate cementite precipitation according to the specified OR. The ferrite/cementite
relationships shown in Fig. 5a, where (100)c cementite planes are parallel to (110
f ferrite planes, have the most coinciding ferrite/cementite data points indicating
(100)c and (110)f planes could be parallel. Data points in Fig. 5b, c, corresponding
to the (010)c‖(111)f and (001)c‖(112)f planes, respectively, are close to matching.

The first set of parallel planes necessary to fulfill the Isaichev OR coincides with
the second set of parallel planes for the Bagayatskii OR and is shown in Fig. 5b,
with some poles being close to matching. The second set of parallel planes necessary
to fulfill the Isaichev OR is shown in Fig. 5d. Figure 5d does not have ferrite and
cementite poles that match as well as Fig. 5a, but instead has cementite poles that
are close to more than one cluster of ferrite poles. In contrast, the cementite poles in
Fig. 5e–g do not appear to be close to any ferrite planes, indicating that the Pitsch-
Petch OR likely does not hold. The absence of ferrite and cementite poles consistent
with the Pitsch-Petch OR would be consistent with the lack of pearlite observed
in this steel. The proximity of the ferrite and cementite poles for the Bagaryatskii
OR could indicate that the cementite precipitated from supersaturated ferrite, as the
Bagaryatskii OR is often observed in the tempering of martensite. Autotempering
could have occurred during the air-cooling step that occurs after accelerated cooling
[4].

In order to assess the veracity of cementite phase identification by EBSD, the
definition and calculation procedures for boundary analysis in the OIM software are
presented. EBSD data is gathered by rastering the electron beam and pausing at a
given step size to collect a Kikuchi pattern. Figure 6 is a schematic demonstrating
the process of rastering the electron beam, collecting and indexing Kikuchi patterns,
and creating a phase map from the indexed points in OIM Analysis. Phase indexing
in multiphase materials occurs by comparing measured and calculated interplanar
angles and choosing the best fit between the user-input-based options for possible
phases [16]. The software does a similar calculation and fitting/voting scheme to
index orientations. During the indexing process, several possible orientations may
come close to satisfying the experimentally derived Kikuchi pattern. The software
ranks those solutions based on a voting scheme, and the confidence index value is
a ratio of the difference between the highest two ranked solutions divided by the
total number of votes [16]. It is unclear in what order this process occurs, i.e. if the
phase identification occurs in parallel or in series with the orientation indexing. This
ambiguity has important ramifications for user interpretation of data, particularly in
regards to the interpretation of confidence index values associated with data points. It
may be tempting for a user to interpret the “confidence index” assigned to a data point
to also have some meaning regarding how confident the software is in phase iden-
tification, which may not be the case. As a specific example, ambiguity arises upon
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Fig. 6 Schematic of an electron beam interacting with a ferrite sample with a cementite precipitate
in part of the electron beam interaction volume. The schematic gives a 50 nm step size as an example
of the distance between where the electron beam rasters and a schematic output of a phase map
from OIM analysis. This schematic demonstrates the possibility of backscatter electrons coming
from two phases simultaneously

orientation indexing and phase identification of grain boundary regions. Two over-
lapping Kikuchi patterns could cause smaller interplanar angle measurements, even
between two cubic grains. The smaller interplanar angles would be more indicative
of a lower symmetry phase than the cubic one, resulting in the software identifying
the pixel as cementite.

Individual pixels identified as cementite within a ferrite crystal, unlike grain
boundary cementite, are more difficult to verify without either believing that the soft-
ware has successfully identified a nano-scale cementite particle below the surface (i.e.
not visible in SE upon etching), or that there is a pseudosymmetry effect in certain
ferrite grain orientations. The backscatter electrons that create Kikuchi patterns for
indexing only come from a small portion of the total electron beam interaction
volume. As an illustration, Fig. 6 shows a small cementite (θ) precipitate within
the backscatter electron interaction volume. The backscatter interaction volume is
partially filled with the cementite particle, but the remaining volume is filled by the
ferrite matrix. Here it is assumed that the cementite particle is much smaller than
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the 50 nm step size such that the backscatter volume is only partially filled with the
cementite precipitate. The resulting Kikuchi pattern has overlapping bands associ-
ated with both orthorhombic and cubic symmetries resulting from the two phases.
The overlapping patterns are more difficult for the software to index, and low confi-
dence index values often result. Understanding the algorithm used for phase ID of
EBSD data could either be adjusted to ensure more accurate phase ID or could help
users make informed assessments of EBSD data. In interpreting the veracity of the
phase identification of cementite in these steels with nano-scale cementite precipita-
tion, it would be important to know the algorithm by which the software is assigning
both phase IDs and orientations. It is also worth further investigations into possible
pseudosymmetric phenomena in certain ferrite orientations that could be resulting
in the measurement of the special 43.6° || <100> boundary.

Conclusions

This work was initiated to understand if hydrogen induced cracking in pipeline steels
favored some grain boundary orientations over others. From comparisons of misori-
entation distribution functions of the uncracked steels to misorientations measured
across cracks, it appeared that a boundary of abundance in themicrostructure (43.6° ||
<100>) might be less susceptible to cracking. However, upon characterization of the
spatial distribution and locations of these special boundaries, it was noted that the
special 43.6° || <100> boundaries were not grain boundaries, but rather interphase
boundaries between pixels identified as cementite and the matrix ferrite. Because
correlations between SE micrographs of the steel etched with 2 pct nital could not
effectively verify the presence of cementite, pole figures were created to understand
if the special 43.6° || <100> boundaries were actually reflective of an orientation
relationship between the cementite and ferrite. The resulting pole figures seem to
support the phase identification by the EBSD software, as the cementite and ferrite
correlated better with the Bagaryatskii OR. It is apparent from the EBSD maps
that the 43.6° || <100> boundaries identified using the MDF were not grain bound-
aries but rather interphase cementite/ferrite boundaries. The inclusion of interphase
boundaries in MDFs is important for users of OIM Data Analysis to note while
interpreting MDFs in multiphase materials, as these maps were produced by using
the “grain boundary texture” feature in the software. Further, if the EBSD soft-
ware is correctly indexing cementite precipitates on the scale of tens of nanometers,
then even nano-scale precipitates could need to be taken into account as secondary
phases for misorientation distributions to be interpreted correctly. However, in order
to understand if the EBSD software is correctly identifying nano-scale precipitation,
all possible pseudosymmetry effects must be categorically ruled out. Investigating
possible pseudosymmetry effects on cementite phase identification and misorien-
tation boundary calculation is proposed as a future direction of this work, in addi-
tion to attempting cementite phase ID in systems with much larger and more easily
identifiable cementite constituents such as pearlitic steels.
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of the Gibeon (IVA) Iron Meteorite
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Abstract Most iron meteorites are thought to be remnants of the cores of differ-
entiated planetesimals, exposed to interplanetary space by collisional events. Many
display a Widmanstätten pattern, an intergrowth of kamacite (bcc α-iron) and a high
Ni-ironmaterial called taenite. This coarse structure,which is formed by slowcooling
over millions of years in space, may influence the material properties and failure
mechanisms. In this study, eight samples are used to characterize the strength and
failure mechanism of the Gibeon (IV) iron meteorite under quasi-static compressive
and tensile loading. Here is shown the full-field strain and displacement contours
using an in-situ three-dimensional digital image correlation (DIC) technique that
provides insights into the initiation and propagation of damage. Further microstruc-
tural characterization of the post-fracture surfaces is conducted and correlated to the
DIC effective strain contours to better investigate the influence of the different phases
on the failure mechanisms.
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Introduction

Iron meteorites provide insight into the formation of early planetary bodies [1].
Many are thought to be from the cores of differentiated planetesimals that have lost
the outer rocky layer by numerous collisions: pieces deorbit and fall onto the Earth
as iron meteorites [2–4]. Iron meteorites can display a uniqueWidmanstätten pattern
microstructure, with its formation controlled by the composition and cooling rate
of the parent body [5]. The primary metal phases include the body-centered cubic
(BCC) α-iron phase, alloyed with ~7% Ni named kamacite, and the face-centered
cubic (FCC) iron phase that contains ~30–40% Ni known as taenite [6]. Nucleation
and growth of kamacite from the taenite phase occur during very slow cooling of
approximately 1 K temperature over a few hundreds of thousands of years that form
the Widmanstätten pattern [1, 7].

Due to the uniquemicrostructure of ironmeteorites, many studies were conducted
to understand their origin, structure, and compositional variation of Fe–Ni contents
within the Widmanstätten pattern [1, 5, 8]. The mechanical properties of these mate-
rial systems were also studied at different temperatures and strain rates to understand
their failure mechanisms and the effect of ductile to brittle transition temperature on
the breakage of the parent body [6, 9–11]. The characterization of mechanical prop-
erties such as hardness [12], strength [13], and elastic modulus elastic modulus [14]
for the metallic microconstituents was reported using microhardness, micro-tension,
and nanoindentation tests. However, very few studies were performed to characterize
the failure using in-situ digital image correlation (DIC), which can provide in-and
out-of-plane full-field displacement and strain contours to analyze the mechanical
response and failure mechanisms of iron meteorites under quasi-static compression
and tension load conditions. The DIC technique is an optical method that correlates
a reference image with a series of images from the deformed sample taken during
mechanical tests. This correlation provides information on the material behaviors by
measuring the strain at any points of the area of interest at different loads [15–17]. It
has been proved as an effective and efficient strain measurement technique and used
in many laboratory tests [18–21].

In this paper, the strength and failure mechanisms of the Gibeon (IVA) iron mete-
orite is characterized using quasi-static compression and tension tests with in-situ
digital image correlation. Full-field strains, calculated using the DIC system, are
utilized to investigate the damaged surface that aid the understanding of failure initi-
ation and propagation in the tested specimens. Optical and scanning electron micro-
graphs of the post-failure surface with the DIC strain fields are utilized to correlate
the influence of different phases of Gibeon to the failure mechanisms.
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Material and Methods

Test specimens, received from the Center for Meteorite Studies at Arizona State
University, were prepared from a bar of the Gibeon meteorite. Four cubic specimens
of 10 mm and four sub-sized tensile specimens of gauge length 32 mm, width 6 mm,
and thickness 2 mm were used for the uniaxial compression and tension experi-
ments according to ASTM E8-21/E9. Tests were conducted at a displacement rate
of 0.25 mm/min at ambient temperature using a universal testing machine Instron
5985 frame with a load cell of the capacity of 250 kN. In-situ DIC was utilized
for all tests using the ARAMIS 5M DIC system to record the deformations and
compute the strain evolution. The DIC system was calibrated to compensate for lens
distortion and to maintain dimensional consistency of the measuring system using
a calibration cube provided by ARAMIS. It computes the displacement and strain
fields both in the longitudinal and transverse direction from the stochastic speckle
pattern of deformed images and provides local and global strain fields, useful for
identifying crack initiation and propagation. Additionally, post-failure surfaces of
the tested specimens were analyzed using the JEOL JXA-8530F at an accelerating
voltage of 20 kV with a beam current of ~80 nA to further investigate the failure
mechanisms. Samples for optical and SEM imaging were prepared from the original
Gibeon and pieces after the compression and tension tests. Pieces were embedded
in epoxy, ground flat, polished, and etched with nital.

Results and Discussion

The optical imaging of the Gibeon meteorite displays the typical Widmanstätten
pattern dominated by the oriented kamacite lamellae separated by the thin taenite
boundaries (Fig. 1). The average size of the kamacite bands was measured at 220.8
± 77.2 μm and they are several millimeters long with an intersecting pattern.

Fig. 1 Optical micrograph
of the original Gibeon
meteorite specimen showing
the Widmanstätten pattern.
Visible are the elongated
kamacite laths (light-colored
regions) and dark-etched
plessite. Plessite is a
fine-scale intergrowth of
kamacite and taenite. The
sample is etched with nital
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Fig. 2 A typical quasi-static response of the Gibeon meteorite at ambient temperature

Under both tensile and compressive loads, the specimens exhibit a linear increase
of strain to yield point, then strain hardening and large nonlinear plastic deformations
followed by ductile failure (Fig. 2). Failure of the tensile specimens occurred at
an average strength of 305.7 ± 4.6 MPa at a failure strain of 6.3 ± 0.95%. The
quasi-static compression tests were interrupted at a strain of ~50%. In compression,
specimens were permanently deformed without fracture, showing an average yield
strength of 308 ± 64.9 MPa at 0.2% strain that conforms with the previous studies
[6, 22].

The taenite exhibits higher strength, by up to three orders of magnitude, compared
to the kamacite [13]: this difference in mechanical properties is confirmed by the
in-situ DIC displacement and strain contour results. A localized strain around the
kamacite is shown in axial and von Mises strain contours (Fig. 3). Strain measure-
ments show uniform distribution during the elastic region where more variation was
observed in strain values during the plastic region of the mechanical tests. The evolu-
tion of the axial strains was studied using multiple virtual extensometers in order to
calculate the local strains and identify the region of failure initiation. Failure patterns
were observed in the von Mises strain contours during the plastic deformation and
shear bands were possibly induced by the piled-up dislocations [23]. Strain concen-
tration in the gauge region, for compression and tension, resulted in the initiation of
new fracture surfaces (Fig. 3). The tensile specimens showed necking before frac-
ture, a common failure mechanism of ductile materials. From a micro-mechanical
perspective, tensile failure can be explained such as when the shear component of an
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Fig. 3 Contours of axial and vonMises strain for compression (a–b) and tension (c–d) experiments
showing the location of high strains and region of failure initiation

applied stress is resolved along a slip plane, slip system activates, and failure occurs
due to the shear acting on the slip planes [13].

Both the kamacite and taenite of Gibeon deform plastically, although in areas
a serrated boundary was observed between the kamacite and taenite (Fig. 4a).
Micrographs of a compressed specimen show that Widmanstätten patterns stretched
along the transverse direction of load. The applied load was primarily supported by
kamacite phases with relatively low strength and hardness compared to the taenite,
followed by taenite since it also exhibits significant ductility [6, 13] (Fig. 4a). Further-
more, fractography of the tensile specimen reveals that the specimens were slipping
along the plane of shear and a smooth ductile ridge appears on the fracture surface
(Fig. 4b). Observations from optical and scanning electron micrographs correlate

(a) (b)

Fig. 4 a Optical photograph of a nital-etched surface through a compressed cube showing the
deformed Widmanstätten pattern along the transverse direction of the load after the compression
test. b Failure surface of the tensile specimen showing shear band
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well with the DIC strain contours. Further investigation on the fracture surface along
the boundary of kamacite and taenite and their influence on failure under different
load conditions will be reported in future work.

Conclusion

Mechanical behaviors of theGibeonmeteorite were characterized at ambient temper-
ature by combining quasi-static mechanical tests under compression and tension
conditions with in-situ full-field DIC analyses. Specimens, under both loading condi-
tions, showed significant deformation in their Widmantätten pattern. The deforma-
tions that procced to fracture in the specimens are also identified from the DIC strain
contours revealing the location of failure initiation and propagation. Post-failure
surfaces were analyzed under optical and scanning electron microscopes showing
the deformation marks on the kamacite phases and the shear band on the fracture
planes, which are in good agreement with the strain localization shown in the DIC
strain contours. Since the formation, collisions, and disintegration of the planetary
bodies largely depend on their physical and mechanical properties, this work on
strength and failure characterization of the Gibeon meteorite demonstrates the effec-
tiveness of failure analysis of iron meteorites using the DIC technique and improves
understanding of the asteroidal breakup of iron-rich bodies.
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Effect of Equal-Channel Angular
Pressing and Targeted Heat Treatment
on Aluminum AA7075 Sheet Metal

Maximilian Gruber, Thomas Spoerer, Christian Illgen, Philipp Frint,
Martin F.-X. Wagner, Philipp Lechner, and Wolfram Volk

Abstract In this study, equal-channel angular pressing (ECAP)was used to improve
the mechanical properties of Aluminum AA7075 sheet metal. Various approaches
were tested for ECAP route C, involving either channel geometry, forming temper-
ature, or post-treatment time. The specimens were evaluated by tensile testing and
compared with reference specimens in artificially aged T6 conditions. The goal was
to optimize the time- and energy-consuming artificial aging procedure. The results
show that a 75% reduction in artificial aging time still leads to an increase in yield
strength due to ECAP. In addition, the elongation at fracture is strongly influenced by
ECAP. Furthermore, tensile tests were performed on a resistance-heated test bench
to determine its potential for hot forming processes. These results show that the use
of ECAP with sheet metal enables efficient production of high-strength aluminum
and thus contributes to a more sustainable production.

Keywords Equal-channel angular pressing (ECAP) · Aluminum AA7075 ·
Resistance heating · Hot tensile test

Introduction

Not just in aerospace but also in the automotive sector, lightweight components have
been used in large quantities for decades. Interest is growing due to the increas-
ingly stringent environmental regulations governing the levels of harmful emissions
[1]. Aspects such as passenger safety, weight reduction, and product costs, which
can of course be reduced by minimizing the use of materials, also play an impor-
tant role. In addition to developing innovative manufacturing processes, materials
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research is concerned with lightweight construction, in particular with regard to
high-strength steels and, above all, high-strength aluminum alloys [2]. The 6000 and
7000 series aluminum alloys are precipitation-hardenable and exhibit high strength
at low density, excellent corrosion resistance, good fatigue properties, and ductility.
Since the mechanical properties of these series can be modified by applying heat
treatments or thermomechanical processing, the alloys can be used in a wide range
of engineering applications [3]. The increased ductility resulting from hot forming
allows more complex geometries with less material springback [4]. However, since
both heat treatment and hot forming are very energy-intensive, several studies are
now addressing how to reduce the temperatures and time intervals of these processes
[5, 6].

In this context, equal-channel angular pressing (ECAP) has attracted increasing
scientific and technological interest in recent years. ECAP denotes the process of
pressing material through an angled channel, which introduces a severe plastic,
predominantly shear deformation that creates a fine-grained microstructure [7, 8].
In conventional ECAP, a bar stock with a square or round cross-section is pressed
through the channel. The geometry of the semi-finished product is preserved to
enable the material to be passed through the ECAP tool several times, and it can
also go through different processing routes [9]. While many important and scientifi-
cally interesting studies have been conducted on conventional ECAP processing, one
important and still unsolved problem is the suitability of ECAP for use in an indus-
trial environment. The processing of sheet metals and, in particular, high-strength
aluminum alloys, is of great interest, especially in automotive applications. The tool
considered in this study is used for ECAP processing of sheet materials with a thick-
ness of 1.8 mm [10]. Previous studies have demonstrated the possibility of using this
tool to process 5000 series aluminum at room temperature [11]. In addition, various
process routes could already be carried out and numerical studies were performed to
improve the process [12, 13]. This study is based on AA7075 under elevated ECAP
temperatures and channel geometries. In addition, the influence of post-treatment
is investigated and compared with that of conventional heat treatments. By investi-
gating the fundamentals of ECAP with sheet materials, a contribution is made to the
subsequent industrialization and application of the process.

Experimental Investigations

This section describes the experiments performed in the ECAP tests and the deter-
mination of the mechanical properties. The present work involved processing rolled
AA7075 sheets with a thickness of 1.8 mm (Si 0.064%, Fe 0.139%, Cu 1.519%, Mn
0.045%, Mg 2.419%, Cr 0.183%, Zn 6.310%, and Ti 0.0252%). To create a homo-
geneous microstructure, the sheets were solution-annealed at 475 °C for one hour
and then quenched in a water bath. A T6 heat treatment was subsequently performed
on some of the samples, which served as a reference. For this purpose, the samples
were heat-aged after quenching, first for 18 h at 125 °C and then again for 4 h at
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175 °C (referred to as the 22 h treatment). Solution-annealed samples were used for
the ECAP tests. In the initial position of the ECAP tool (see Fig. 1a), a sheet with the
dimensions 200 × 100 × 1.8 mm3 was inserted into the ECAP channel. The long
edge corresponded both to the rolling direction and the ECA-pressing direction. The
sheet was pressed through the channel at a constant stamp speed of 5 mm/s, using
two different configurations with channel angles of Φ = 110° or 120°, respectively.
The 110° channel had an inner radius r of 2 mm and an outer radius R of 4 mm. A
width w of 2 mm and a height h of 1.9 mm were used for this angle. The 120° ECAP
channel had an inner radius r of 0.5 mm and an outer radius R of 0.5 mm, and a
width w of 2.1 mm and height h of 2 mm were used for this ECAP die. The experi-
ments were performed at different temperatures. For this purpose, holes were made
in the channel parts, to enable heating cartridges to be inserted. The temperature was
precisely controlled by Type K thermocouples in the respective channel part, using
a temperature control unit (hotcontrol cDT+, Hotset GmbH, Germany). The testing
temperatures were room temperature (RT), 150, 180, and 210 °C. The specimens
were held inside the ECAP tool for 30 s prior to pressing. Previous studies showed
that route C in particular displayed good potential for employing ECAP with sheet
materials. After the first pass, the ECAP sheets were therefore rotated by 180° around
the ECAP axis and again subjected to pressing. To reduce friction during the tests,
Bechem Beruforge 150D lubricant was used [14]. Following the ECAP process, the
samples were subjected to heat treatment for 4 h at 125 °C plus a further 2 h at 175 °C
(referred to as the 6 h treatment). This corresponds to a 75% shorter heat treatment
time than the conventional heat treatment used to obtain the T6 specimens.

To determine the mechanical properties of the material at room temperature,
tensile specimens (DIN 50125, shape H, width 12.5 mm, and parallel length 75 mm)
were machined from both the unprocessed and the ECAP material [15]. The loading
direction corresponds to the rolling or ECAP direction, respectively. The specimens
were tested in a Zwick ZT150 Allround Line universal testing machine according

(a) (b)

w

r

R

h

Φ

left
channel

part

stamp

right
channel

part
heating
cartridges

Fig. 1 a ECAP tool for sheet metal with a thickness of 1.8 mm; b Schematic sketch of the channel
geometry and the heating cartridges for the ECAP process under elevated temperatures
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to [16]. A test speed of 2.25 mm/min was selected with displacement control. The
strain was measured using Digital Image Correlation (DIC) with a GOM Aramis
SRX system. Three tests were performed with each setup.

The highly plastic material deformation resulting from ECAP is generally accom-
panied by an increased driving force for recovery and recrystallization of the
microstructures. This circumstance must be taken into account when characterizing
the behavior of the ECAP sheets in hot tensile tests [17]. As the low heating rates and
long heating cycles of conventionally used chamber furnaces appear unsuitable for
the mechanical characterization of thermally unstable microstructures, a resistance-
heated test bench was developed, see Fig. 2. The application of an electric current
enabled a very high heating rate and significantly reduced or even suppressed the
recrystallization and structural transformation effects that would otherwise result
from slow heating. The test bench was mounted in a Zwick ZT150 Allround Line
universal testing machine. Power was supplied by a pe3000-6-D (Plating electronic
GmbH,Germany)DCpower station. The currentwas introduced into the tensile spec-
imen using copper cables and conductors. The conductors were mounted in vertical
guides to ensure that the specimen was not affected by transverse forces. Insulation
in the clamping jaws enabled a closed circuit and prevented any major heat losses
during the test. The current supply was controlled by the specimen temperature. A
pyrometer (CT-SF22-C3, Micro-Epsilon Messtechnik GmbH & Co. KG, Germany)
was placed at a measuring distance of 200 mm to optically record the actual temper-
ature at the center of the sample. A PID controller was used to process the measured
signal in the LabVIEW software and to regulate the current to the nominal temper-
ature specified for the tensile specimen. Errors due to heat transfer and damage to

Conductor

ConductorDIC-
system

PID

(a) (b)
Isolation

Actual value

Nominal 
value

Power 
supplyPower 

cables

Pyrometer

Fig. 2 aTensile test benchwith resistance heating implemented by aDCpower supply;bSchematic
sketch of the process control; the temperature is measured with a pyrometer and controlled by the
electrical current
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the specimen were avoided by using non-contact measurement. Since reflections on
the aluminum surface can lead to errors in determining the optical temperature, the
samples were first coated in a temperature-resistant varnish. The emission coefficient
was calibrated iteratively by comparison with welded-on thermocouples, resulting
in a value of ε = 0.96 (the spectral range of the pyrometer was 8–14 μm) [18]. Since
the crosshead of the testing machine moved upwards and the lower specimen clamp
remained stationary, the pyrometer also had to be moved upwards to ensure that
measurements were always taken at the center of the specimen. This was done using
a pulley block to make the pyrometer move at half the test speed. During the test, the
strain was measured inline by the GOM Aramis DIC-system. This is important in
conductive testing because it means that strain can always be evaluated at the point
measured by the pyrometer, which is necessary because the temperatures are at their
maximum level in the center of the tensile specimen and decrease slightly toward
the outside. The evaluation of the plastic strains is based on the findings of Mueller,
who in his studies on resistance heating determined the initial gauge length for the
strain calculation as a function of the test temperature [19]. An initial gauge length
of 10 mm was used for the temperatures of 180 and 250 °C. A temperature-resistant
paint was also used to provide a speckle pattern for DIC measurements.

Results and Discussion

Figure 3 shows different ECAP samples after one pass using a channel angle of 110°
at different temperatures. In each case, the ECAP direction (ED) for the specimens
was from left to right. It was not possible to process the sheet at room temperature
because the material’s elongation at fracture was exceeded, and the ECAP test had to
be aborted. Other studies have shown that cracking already occurs at a plastic strain
of 0.37 for the AA7075 alloy [20]. Iwahashi’s formula is used to calculate the plastic
strain ϕ for ECAP:

ϕ =
2 cot

(
Φ ′
2 + ψ

2

)
+ ψcosec

(
Φ ′
2 + ψ

2

)
√
3

(1)

TECAP = RT TECAP = 150 °C TECAP = 180 °C

ED

50 mm

Fig. 3 ECAP specimens after one pass at different processing temperatures with a channel angle
of 110°
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The angle Φ ′ describes the specimen’s deformation at the inner channel radius,
whileψ describes the angle at the channel’s outer radius [21]. With the given config-
urations, one ECAP pass for the channel with the 110° die results in a plastic strain
of approx. 0.6 (Φ ′ = 110°, ψ ≈ 61°). Due to the smaller radii, this value was even
higher for the 120° die. The values consequently exceed the reference value of 0.37,
which clearly indicates that heating is needed to perform ECAP on the material.

Processing of the sheetswas possible at anECAP temperature of 150 °C.However,
due to the strong deformation, which was higher at the inner radius than at the outer
radius, the sheet was bent. In addition, slight areas of damage can be seen on the
surface of the inner channel radius. At an ECAP temperature of 180 °C, the sheet
was more uniformly deformed, resulting in only a slight curvature of the sheet, such
that further processing was unproblematic. The results at an ECAP temperature of
210 °C are similar to those obtained at 180 °C, and similar behavior is observed with
the 120° ECAP die.

Tensile specimenswere taken from the sheets in ED and tested. To enable compar-
ison of the ECAP specimens with reference treatments, artificially aged (T6) and
solution-annealed (S) specimens were also tested. The results are shown in Fig. 4. A
representative sample for each case is presented in the results. In the text, the stan-
dard deviation is given. It can be seen that with the T6 treatment, the yield strength
(YS) increases by 140%. Also, the ultimate tensile strength (UTS) increases from
358 ± 4.7 MPa to 572 ± 0.5 MPa (+60%), while the elongation at fracture (EF)
decreases slightly from 17.4 ± 1.5% to 16.3 ± 0.5%. It is also noticeable that the
solution-annealed specimens exhibit a pronounced yield drop and PLC effect. This
is different in the T6 specimens, due to the thermal stabilization of the material [22].

Figure 5a represents the mechanical behavior (in terms of engineering stress–
strain curves) of the sheets processed with the ECAP angle 110°. A second ECAP
pass could not be performed for a process temperature of 150 °C without damaging
the sheet, so specimens were only processed at 180 and 210 °C. For an ECAP
temperature of 210 °C with a post-heat treatment of 6 h (A110 210 6 h), this results
in a UTS of 503 ± 5.3 MPa with an EF of 9.4 ± 1.1%. The specimens formed at an

Fig. 4 Engineering
stress–strain curves of
Aluminum AA7075,
artificially aged (T6) and
solution-annealed (S)
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Fig. 5 a Engineering stress–strain curves of different parameter setups (ECAP temperature and
age treatment) with the ECAP die of 110°; b Engineering stress–strain curves with the ECAP die
of 110° compared to the 120° die

ECAP temperature of 180 °C and after heat treatment for 6 h exhibit a UTS of 525
± 35.3 MPa at an EF of 8.9 ± 1.3% (A110 180 6 h). There is no PLC effect at either
forming temperature,which inprinciple indicates thermal stability of both specimens.
For the specimen formed at 180 °C, there is a higher strength with slightly lower EF.
Both effects are due to a higher defect density (dislocation density and formation of
substructures) as a result of the greater strain hardening at the lower temperature. A
time reduction of 75% can thus be achieved compared with T6 heat treatment, and
similar strengths can be obtained by the ECAP process at an ECAP temperature of
180 °C. The considerable reduction of the ECAP specimen in EF compared to the T6
condition is due to defects in the microstructure introduced during the deformation
of the material. Due to the low thickness of the sheet materials, these defects have an
even greater effect on the elongation at fracture than is the case with bulk material
in conventional ECAP. For conventional ECAP of AA7075, Shaeri et al. concluded
that ECAP performed at lower temperatures is more effective for grain refinement
than pressing at high temperatures [23]. The increase in grain size as the ECAP
temperature increases can be attributed to dynamic recovery processes and grain
growth [24].

Moreover, for both ECAP temperatures, specimens were also tested at the same
temperature and duration as for the T6 treatment (22 h treatment). For an ECAP
temperature of 210 °C, a slight reduction in themechanical properties can be observed
(A110 210 22 h). For an ECAP temperature of 180 °C, the longer treatment leads to
a further increase in strength with further reduced EF (A110 180 22 h). The reason
for the negligible effect of the aging treatment on the mechanical properties of the
specimen at higher ECAP temperature (210 °C) can be based on dynamic strain
aging during the ECAP process at elevated temperatures [25]. Shaeri et al. found this
effect already occurred at an ECAP temperature of 120 °C. This may be due to the
increased deformation and finer grains resulting from the use of back pressure in the
ECAP process in their study.

Figure 5b shows the mechanical properties with the 120° ECAP tool compared
to the 110° tool. The specimens formed with an ECAP temperature of 180 °C and
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the 120° channel angle exhibit a UTS of 585 ± 10 MPa and an EF of 8 ± 0.2%. The
increase in strength and lower EF again suggest an increased density of defects in the
microstructure. This is consistent with the results of the calculation using Iwahashi’s
formula.

The results show that the mechanical properties at room temperature can be
adjusted within certain limits by performing ECAP on aluminum sheets with subse-
quent heat treatment. The process times can be shortened using the described proce-
dure, but only limited improvements in properties can be achieved. These findings
can also be found in a similar form for bulk material [20]. However, the ratio of
sheet thickness to width for sheet materials with ECAP means that damage in the
material has a greater influence than is the case for bulk material with conventional
ECAP. This means that the elongation at fracture is lower than with conventional
ECAP. For example, in order to test more ECAP runs and lower process temperatures
without failure of thematerial, Shaeri et al. use a back pressure of 180MPa [25]. This
approach could also be used for ECAP of sheet materials to obtain further improve-
ments in terms of material properties and will be investigated in future studies of
sheet materials.

To demonstrate the potential with regard to hot forming processes, additional
tests were carried out at elevated temperatures. First, the suitability of the resistance
heating used is demonstrated. Figure 6 shows the temperature and current curve
of a tensile test on an aluminum AA7075-T6 at 180 °C. The temperature at the
beginning of the test exceeds that at the end of the test. It can be seen that the
temperature drops slightly for the first 20 s at the beginning of the test. This range
coincides with the elastic range of the tested specimen and can be attributed to the
Joule-Thompson effect. Vitzthum et al. previously demonstrated this effect for sheet
materials [26]. Subsequently, there are only small changes in the temperature. The
measured unsmoothed temperature signal lies in a range of maximum 178.5 and
182.5 °C. According to the DIN EN ISO 6892-2 standard, for temperatures below
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600 °C, a temperature variation of the test of ±3 °C must be observed [27]. This
dimension can be maintained for each of the tests carried out. The current intensity
is reduced over the duration of the experiment as the cables and conductors heat up
and the electrical resistance decreases. Thus, a lower amperage is required to heat
both the system and the specimen.

Due to the complex ECAP process and the complexity of the heated tensile tests,
three valid tests could not always be performed. This is indicated in the text. Figure 7
shows the engineering stress–strain curves for the reference material AA7075-T6 at
180 and 250 °C.At 180 °C,UTS is 334± 8.6MPa andEF is 32.7± 0.6%. For 250 °C,
the values are 177.4 ± 7.7 MPa and 29 ± 2.3%. This is in line with the observations
of Shojaei et al., who argued that the strength decreases for the increased tempera-
ture because higher deformation temperatures increase the dislocation motion, thus
favoring dynamic softening mechanisms [28].

Figure 8a shows the engineering stress–strain curves for the reference material
AA7075-T6 under 180 °C and an ECAP specimen formed with the 110° tool at
180 °C. The ECAP specimen shows a slightly increased UTS of 360 ± 1.4 MPa and
an EF of 31.8 ± 0.5% (two tested specimens). The peculiarity of the curve is that
the specimen reaches its maximum very quickly after the yield point and then drops.
This behavior was observed by Sajadifar et al. for thermo-mechanically processed
specimens at a tensile test temperature of 250 °C [3]. That this behavior occurs
already at a temperature of 180 °C in the materials studied here suggests a more
strongly deformed microstructure prior to the heated tensile test.

Finally, themechanical propertieswere tested at 250 °C, seeFig. 8b.Here, a further
increase in elongation to 43.4± 0.4% is shown for the specimens processed with the
110° ECAP die at an ECAP temperature of 180 °C (two tested specimens). For this
temperature, three samples of the 120° die were also tested, showing that a further
increase in elongation to a value of 53.1 ± 1.6% is possible. While the heat-treated
referencematerial already failed at strains of about 30%at both forming temperatures,
the ECAP specimens for higher forming temperatures achieved progressively higher
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strains as a function of temperature. According to Zhou et al. this effect can be
attributed to a finer microstructure. The activation of grain boundaries at elevated
temperatures also results in improved dislocation slip with multiple slip systems for
the fine-grained microstructures [28, 29]. Grain boundary sliding (GBS) is regarded
as the main mechanism in superplastic forming and can be observed at temperatures
high enough for grain boundary diffusionmechanisms to be effective [30, 31]. Future
work may consider this potential in the industrialization and economic utilization of
the ECAP process.

Conclusion and Outlook

In the present study, ECAP tests were performed on high-strength AA7075 sheets.
It was shown that the mechanical properties at room temperature can be adjusted by
control of both the geometry of the ECAP channel and the ECAP temperature. The
process time can be reduced by 75% compared with that for T6 heat treatment. The
literature research showed that back pressure in the ECAP process can potentially
be used to improve the mechanical properties even further. In addition, a conductive
heated tensile test bench was developed to demonstrate the potential for hot forming
processes. Due to the deformed microstructure, strains can be increased by up to
80% in the ECAP sheets at a temperature of 250 °C. Further in-depth microstructural
investigations need to be carried out to provide experimental proof of themechanisms
and relationships suggested in this work. Such an analysis will be the subject of
follow-up studies.
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Application of Flue Gas Desulfurization
Waste for the Production of Geopolymer
Tiles

M. T. Marvila, A. R. G. Azevedo, F. D. Gama, E. B. Zanelato, S. N. Monteiro,
and C. M. F. Vieira

Abstract Geopolymers are eco-friendly materials that efficiently replace cementi-
tious and ceramicmaterials. In this context, the objective of this workwas to carry out
the production of geopolymer tiles using commercial metakaolin (MK) and flue gas
desulfurization waste (FGD). The tiles were produced in the molar ratio SiO2/Al2O3

= 3.00, using a composition with 0, 10, and 20% substitution of metakaolin by FGD.
Prismatic specimenswere produced,with tests of tensile strength,mass density,water
absorption, and linear shrinkage being carried out. Curing was carried out at 25 and
65 °C for a period of 7 days. The results obtained demonstrate that the use of FGD
improved themechanical behavior of the tiles, due to the formation of phases different
from geopolymerization of metakaolin alone. It is concluded that the application of
geopolymer tiles with FGD is viable, as the values obtained are compatible with the
proposed application.
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Introduction

Geopolymers are materials that are gaining more prominence in the development
of new building components, due to the properties obtained by these materials [1,
2]. In general, they can be applied replacing Portland cement, being applied in the
production of mortars and concrete, or even in replacement of ceramic materials,
obtained by calcining clays [3, 4].

The advantages obtained by using these materials are related to high mechan-
ical strength, at short ages, low porosity, and low water absorption, consequently
increasing the durability of the material [5]. They also have the advantages of high
performance in situations of saturation and high temperatures [6] and the possibility
of immobilizing hazardous waste [7].

The geopolymerization process is complex, but it can be simplified as a reaction
that takes place between two essential components: a precursor rich in aluminosil-
icates, and an alkaline liquid solution called an activator [8]. During the step of
mixing the two components, the alkaline solution dissolves the phases present in
the precursor, originating species of the aluminate and silicate type. These species
condense and enter into chemical equilibrium, forming elongated chains called gels.
These materials are sequentially reorganized, crystallized, and hardened, forming
long chains of inorganic polymers, of high strength and brittleness [2].

Depending on the chemical composition of the precursor, the molarity of the
alkaline solution, and the conditions of temperature and pressure, geopolymers can
originate different hardened products, known as zeolites [9]. This process can be
used in the production of geopolymer tiles, which substitute ceramic tiles, with the
advantage of high mechanical properties and durability.

Some relevant works have already proven the possibility of using geopolymers
in roof tiles, as mentioned below: Marvila et al. [6] evaluated the performance of
geopolymer tiles produced with metakaolin and sodium hydroxide and silicate solu-
tion in durability situations and varying the SiO2/Al2O3 molar ratio. Azevedo et al.
[10] andAzevedo et al. [11] evaluated the possibility of using glasswaste as a comple-
mentary precursor to metakaolin in geopolymer tiles, obtaining satisfactory results
in mechanical strength and durability. Thus, the feasibility of applying geopolymeric
materials used as roof tiles is proven.

The aim of this article is to evaluate the effect of the incorporation of flue gas
desulfurization waste (FGD) on the properties of geopolymer tiles produced with
commercial metakaolin (MK). FGD is a material rich in calcium, different fromMK,
presenting a type of reaction that complements this commercial precursor. Therefore,
the use of FGD together with MK presents a great potential for application in the
development of geopolymer tiles, as investigated in this work.



Application of Flue Gas Desulfurization Waste … 41

Table 1 Chemical composition of precursors

Precursor SiO2 Al2O3 CaO Na2O K2O SO3 Cl Others

MK 58.5 33.6 3.25 1.17 0.88 – – 2.60

FGD 0.51 0.17 45.63 1.23 0.41 38.28 8.44 4.33

Table 2 Compositions studied

Composition (%) MK FGD Sand Sodium hydroxide Sodium silicate Water

0 535.80 0.00 535.80 140.71 7.01 316.47

10 482.22 53.58 535.80 140.71 7.01 316.47

20 428.64 107.16 535.80 140.71 7.01 316.47

Materials and Methods

The materials used in the production of geopolymer tiles are MK, a commercial
precursor with high aluminosilicate content, as seen in Table 1. FGD was also used
as a supplemental precursor. This material has high levels of calcium, but it also has
appreciable amounts of sulfates, which can harm the geopolymerization process, as
shown in Table 1.

The other materials used were sodium hydroxide in microbeads, with 99% purity,
and sodium silicate with a silica modulus of 3.50. The compositions used presented
a SiO2/Al2O3 molar ratio fixed at 3.00, varying the FGD content by 0, 10, and 20%,
replacing the MK contents, as shown in Table 2.

The specimens were produced through molding using prismatic geometry 120×
30 × 20 mm3. The geopolymers were cured at room temperature at 25 °C (normal)
and through thermal curing in an oven at 65 °C (thermal). The specimens were
kept in this curing condition for 7 days, being subsequently tested for mass density,
linear shrinkage, water absorption by immersion, and tensile strength in bending.
The procedures followed the recommendation of NBR 15310 [12].

Results and Discussion

Figure 1 shows the results of flexural strength. It is observed that thermal curing favors
an increase in the material’s strength, which is associated with an increase in molec-
ular agitation during thermal curing. The geopolymerization reaction requires contact
between the components that form the final product [2, 6]. Therefore, increasing the
degree of agitation increases the degree of contact between the materials, which
promotes an increase in strength.

Furthermore, it is possible to observe the increase in resistance as the percentage
of FGD utilization increases. This is related to the type of reaction that occurs in
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Fig. 1 Flexural strength of geopolymers tiles

the alkaline activation of FGD, a calcium-rich precursor. This type of precursor
forms complementary products to those formed during the geopolymerization of
MK, consequently generating a network stronger than the 0% composition. Some
publications recommend a minimum strength of 6.5 MPa for flexural strength in tile
applications [13, 14]. It is observed that the normal 20% composition meets this
requirement and that all thermal compositions also meet this requirement.

Figure 2 shows the water absorption results obtained for the geopolymer tiles.
It is observed that the compositions evaluated in thermal cure present greater water
absorption, due to the loss of constitution water promoted by this type of cure.
Furthermore, it is observed that the use of FGD reduces water absorption, which is
directly related to the reduction of porosity promoted by waste, due to the formation
of more compact networks. All compositions present water absorption below 20%,
recommended by the Brazilian standard and other publications in the area [14, 15].

Figure 3 presents the linear shrinkage results, while Fig. 4 presents the mass
density results. It is observed that the linear shrinkage of geopolymer tiles is very low,
less than 0.30%, different from what occurs in the production of ceramic tiles. This
is because ceramic tiles are obtained through the formation of a liquid phase, which
promotes large geometric changes in the material produced [16, 17]. Geopolymer
tiles, on the other hand, are obtained through a process that promotes minor changes
in the material’s geometry. In addition, the use of sand helps to control shrinkage,
indicating a great feasibility of applying the studied tiles. In the case of density, it is
observed that the results are compatiblewith the values obtained forwater absorption,
where the denser compositions are those with less water absorption, consequently
being less porous.
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Figure 5 illustrates the appearance of specimens with 20% FGD, cured in normal
and thermal cure. It is observed that the lower part of the composition in normal cure
has a darker phase, indicating that the geopolymerization happened only superficially.
In the case of the thermally cured composition, the appearance of the specimen is
more uniform, which suggests that the geopolymerization was more intense, and not
just superficial. Therefore, this figure proves the pattern that was observed in Fig. 1,
where the results of flexural strength are presented.

Fig. 5 Illustration of geopolymer tile specimens with 20% FGD
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Conclusion

After the results, it can be concluded that:

• The use of 20% FGD as a supplemental precursor to MK is indicated for the
production of geopolymer tiles, because it promotes an increase in flexural
strength and a reduction in water absorption.

• The increase in properties observed with the use of FGD is attributed to the
formation of a more complex, resistant, and less porous network, because
the alkaline activation of FGD, a calcium-rich precursor, is different from the
geopolymerization of MK, forming complementary products.

• Thermal curing increases the degree of molecular agitation and promotes
increased geopolymerization of the tiles, improving flexural strength, but also
promoting increased water absorption, at values compatible with the proposed
application.

• Density and linear shrinkage values obtained are compatible with the application
proposed in this study and enable the use of FGD as a supplemental precursor to
MK in geopolymeric tiles.
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Lowering the Presence of Heavy Metals
in Textured Coat Using Recycled Post
Consumer Glass

A. O. Adejo, A. D. Garkida, C. M. Gonah, and E. V. Opoku

Abstract Four extender batches of 95.7% recycled post consumer glass, 0.25%
colourant, and 4% acrylic binder each were processed into extenders of yellow, blue,
red, and black separately. Textured coat batches of 20.1% solvent, 12.0% binder,
67.0% extender, 0.2% natrosol, 0.2% texanol, 0.2% biocides, and 0.1% ammonia
were developed and characterized using atomic absorption spectroscopy (ASTM
D3335). Results showed that yellow coat has concentration of 170.65 ± 0.031 ppm
lead (Pb), 3.40± 0.025 ppm cobalt (Co), and 24.25± 0.08 ppm cadmium (Cd); red
coat has concentration of 27.25 ± 0.015 ppm lead, 0.30 ± 0.045 ppm cobalt, and
9.85± 0.065 ppm cadmium; blue coat has concentration of 115.15± 0.125 ppm Pb,
0.30 ± 0.01 ppm Co, and 9.85 ± 0.065 ppm Cd while black coat has concentration
of 33.10 ± 0.37 ppm Pb, 1.70 ± 0.01 ppm Co, and 0.30 ± 0.02 ppm Cd. This study
shows that recycled post consumer glass can be employed to produce textured coats
with lower concentrations of heavymetals for buildings as compared to contemporary
textured coats whose concentrations are greater than 90 ppm for Pb, 100 ppm for
Cd, and 100 ppm for Co.

Keywords Heavy metals · Recycled post consumer glass · Textured coat

Introduction

Coating also known as paint is a generic name that describes any material which
when applied to the surface of an object (substrate) leaves behind a thin layer of the
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film upon drying and has decorative, functional qualities, or both [1]; this construc-
tion material is basically used on structures and buildings and they are applied using
spray, trowel, rollers, brush, or anyother desired equipment as the need arise. Textured
coat is a kind of coating material with special effect upon their substrate of appli-
cation; this kind of coatings has a heavy consistency and consists of grains of sand
and/or gypsum which are bound by a water-thinned binder and are characterised
by a rough effect upon application. This property of the coat (heavy consistency
and thickness) accounts for its wide range of usage which ranges from covering
of joints in drywall, painting drywall without priming to mention but a few [2];
this kind of coat can exist in different degrees of roughness such as smooth texture
paint, sand texture paint, premixed sand texture paint, self(post)-mixing texture paint,
knockdown texture paint, popcorn texture paint, orange peel texture paint, splatter
knockdown texture, hawk and trowel, skip trowel, slap brush texture, and so on.

Paint or coating is one of the outstanding sources of heavy metals in the envi-
ronment [3]. Recycled post consumer glass or Post consumer recycled glass is a
category of post consumer waste that is composed of glass that has been discarded
as waste by the consumer, and they are also referred to as cullet when they exist
in granular form as a result of crushing [4]. With the use of lead-based additives
during its manufacturing, it serves as the major contributor of metal such as lead in
the coat [5]. However, the additives used in paint and coat manufacturing contain not
only lead but also other heavy metals [6]. Though, Lead has attracted a considerable
number of studies due to its pronounced negative effects on children in particular [7].
Exposure to the heavy metals occurs after the material drywall becomes susceptible
to peeling off [3] due to contact with any object unintended or intended as during
renovations [8] or construction work [9]. As such, heavy metals enter the environ-
ment by the natural and anthropogenic means [10], and they are absorbed into the
human body through inhalation, ingestion, and skin absorption leading to accumula-
tions, though gradual, and over a period of time, they are faster than the body tissue
can detoxify thereby leading to build up of toxins within the human system which
leads to the severe pulmonary and gastrointestinal irritant, causing damages to the
central nervous system, kidney, liver, and reproductive system [11].

In the study of Ogilo et al. [11], it was found that heavy metals are present in both
dust and paint chip samples from residential houses which is a source of concern as
most of the coats in the study exhibit the presence of heavy metals that are above
theWorld Health organization standard (WHO). Apanpa-Qasim et al. [12] examined
the presence of Lead and Cadmium in Water-based Paints Marketed in Nigeria,
specifically sold in Lagos and Ibadan, regardless of the type of paint result shows
that the coats contain a high presence of heavy metals that is beyond the permissible
limits of 100 and 90 ppm as stipulated by European Union (EU), United States
(US) Consumer Product Safety Commission and also the Standards Organization
of Nigeria (SON) [13]. Owing to the various studies conducted on the presence of
heavy metals in coats, there is a need to mitigate the presence of heavy metals in
coats through the introduction of recycled post consumer glass in developing textured
coats with the view to lowering the presence of heavy metals so as to achieve a safe
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coat that has no heavy metals or amounts that are within the acceptable limits as
stipulated by acceptable standards.

Methodology

Using the mass colouration technique [14], Samples of beneficiated recycled post
consumer glass (RPCG) was processed into four coloured extenders of black, blue,
red, and yellow in a composition of 4 g of styrene-acrylic binder, 0.25 g of pigments
(i.e., each of carbon black, copper-phthalocyanine,metalize azo red, andmonoarylide
yellow), and 91.75 g of RPCG. This was mixed thoroughly for 20 min in a plastic
container until the RPCG is completely covered with the colourant and finally
subjected to drying for 3 h at room temperature.

A textured coat from the developed extenders was produced using a composition
of 20.1 g of water and 0.5 g of hydroxyl ethyl cellulose (natrosol) and was mixed
for 5 min until no lump was found. Also, 0.4 g each of biocides and texanol was
added to the composition, 18.0 g of styrene-acrylic and 0.2 g of ammonia were also
added to the composition, and they were all uniformly mixed for 10 min to form a
gelatinous solution. Finally, 60.0 g of the extender was added to the composition,
mixed for another 20 min, and the coat was produced. These procedures were carried
out separately on eachof the developed extenders to produce a textured coat of colours
yellow, red, blue, and black, respectively.

The developed coat was subjected to a viscosity test in order to determine the
workability of the coat according toAmerican Standard for TestingMaterial (ASTM)
D4741-13 [15]. 40 g of the produced RPCG coat was measured and filled into a
viscometer cup of model-35 viscometer, the spindle was inserted into the cup filled
with the coat in it and it was allowed to spin until it reached a stoppage point, and
the result was recorded. This procedure was conducted separately for the different
types of the developed coats (i.e., yellow, red, blue, and black). Specific gravity test
was conducted in line with ASTM D854-14 [16] to determine the density of the
coat, empty specific gravity cup was weighed and recorded, it was filled with water
and the weight was recorded separately, again the empty bottle was filled with the
produced coat and it was recorded, and finally, the weight of the bottle, produced
coat, and water was determined and recorded; this procedure was repeated for the
various colours of coats developed.

The atomic absorption spectroscopy (AAS) analysis was conducted to determine
the presence of heavy metals in the coat as stipulated by ASTM D3335 [17], dried
coat samples were digested as follows, 0.6 g of the dry sample of coat was weighed
and transferred into 200 ml crucible, and 7.5 ml of nitric acid (NHO3) and 2.5 ml
of sulfuric acid (H2SO4) were weighed and poured into the crucible, respectively.
The sample was placed on a heating mantle and it was heated at a temperature range
of 100–200 °C for 30 min to allow complete digestion of sample, the mixture was
filtered into a 100 ml volumetric flask, and distilled water was added to the distillate
to make up 30 ml of the concentration. The Agilent 280FS AAS equipment was
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used to investigate the presence of Pb in the coat, and the AAS instrumentation was
calibrated using distilled water and set to standard using 10, 20, and 30 ml of Pb
concentration part per million (Conc. ppm) after which the sample was analysed.
In the case of Co, like Pb, the equipment was calibrated using distilled water and it
was set to standard using 2, 4, and 6 ml of Cobalt Conc. ppm, and the sample was
analysed to check for the presence of Co. The same procedure was carried out for
Cd at a set standard 1, 2, and 3 ml of Cd Conc. ppm, and the sample was analysed to
check for the presence of Cd in the developed coat.

Results and Discussion

Treatment of Recycled Post Consumer Glass (RPCG)
with Colourants

The study explored the colouration of RPCG with pigments that are composed of
primary colours and carbon black; this was done in a bid to create coloured granules
of extenders for the textured coat production. Results from the study show that using
the mass colouration technique, an excellent yield of colouration shade on RPCG
was achieved with light and wet fastness [18] (Figs. 1, 2, 3 and 4).

Fig. 1 Treated RPCG with
monoarylide yellow pigment
(azo yellow) (Color figure
online)
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Fig. 2 Treated RPCG with
metallic azo red pigment
(azo red) (Color figure
online)

Fig. 3 Treated RPCG with
copper phthalocyanine blue
pigment (Color figure online)

Textured Coat Produced Using Recycled Post Consumer Glass

Using coat-making rawmaterialswith the processedRPCG, a batch for glass coatwas
formed and the production of building coat was possible into the desired colouration
(see Figs. 5, 6, 7 and 8). An exploration of the coverage rate shows that 100 g of the
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Fig. 4 Treated flint PCG with carbon black pigment

Fig. 5 Sample of yellow glass coat produced from RPCG (Color figure online)

Fig. 6 Sample of red glass coat produced from RPCG (Color figure online)

produced coat has the ability to cover a space of 28.0 cm by 7.2 cm (i.e., 201.6 cm2)
with an excellent coverage rate regardless of its colour, thereby establishing the fact
that glass, like other extending materials, is a suitable material to produce glass coat
of any kind and colour [19–21].
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Fig. 7 Sample of blue glass coat produced from RPCG (Color figure online)

Fig. 8 Sample of black glass coat produced from RPCG

Viscosity Test

This study shows the level of fluidity of the coat viz-a-viz its workability and orange
peeling upon drying, irrespective of the type of parent material (i.e., RPCG) or
the processed raw material that was used in the production of the coat. The study
shows a uniform result of viscosity value as seen in Table 1, implicating that the
produced coat’s workability falls within the standard level of 40 ± 5 poise. Also,
since the extender used is not fluid absorbing, an excellent binding ability that does
not accommodate orange peel effects upon drying was observed. This is in line with
the view of Ajayi et al. [19] study that states that, for any material to be used as
coating and finish, it must have a viscosity that is not more than 40 ± 5 poise [22]
as supported by the ASTM D4741-13 [15] and Nigerian Industrial Standard ICS:
87.040 [23].

Table 1 Viscosity rate of
produced coat

S/N Sample of RPCG coat Viscosity (centi poise)

1 Yellow coat 36

2 Red coat 36

3 Blue coat 36

4 Black coat 36
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Table 2 Specific gravity of
produced coat

S/N Sample Specific gravity

1 Yellow coat 1.27

2 Red coat 1.27

3 Blue coat 1.27

4 Black coat 1.27

Specific Gravity Test

Considering the result of the specific gravity test carried out on the coat (see Table 2),
the study shows that irrespective of the coat type (interior and exterior) and colour,
the produced coat has a specific gravity that falls within the 1–1.5 standard range as
ascertained by ASTM. This means that the coats produced are less dense and have
the tendency of giving out water through the process of evaporation when applied
on the desired surfaces [24].

Atomic Absorption Spectroscopy (AAS) Analysis on Produced
Post Consumer Glass Coat

The result of the AAS analyses (see Table 3) conducted show that the produced coats
from recycledRPCG regardless of their colour contain some amounts of heavymetals
with variations in the quantity of the presence of the heavy metal. The presence of
Pb in the coat falls within the range of 33.10–170.65 ppm, Co falls within the range
of 1.70–3.40 ppm while that of Cd also falls within the range of 0.30–24.25 ppm,
respectively. Based on colour classification of the produced coats, the yellow coat
both for interior and exterior use has the highest presence of heavy metals; the red
coat has the lowest value of Pb and Co while the black coat has the lowest presence
of Cd in the entire produced coats. In comparison with the permissible limits of
heavy metals (Pb, Co, and Cd) [1, 12, 25–27], red and black coats fall within the
permissible limit of Pb presence in coat of 90 ppm; yellow, red, blue, and black coats
fall within the permissible limit of Cd in coat of 100 ppm; and yellow, red, blue, and
black coat falls within the permissible limit of Co presence in coat of 100 ppm.

Table 3 Atomic absorption spectroscopy of the coat

S/N Coat in colouration Lead (Pb) (ppm ±
SD)

Cobalt (Co) (ppm ±
SD)

Cadmium (Cd) (ppm
± SD)

1 Yellow 170.65 ± 0.31 3.40 ± 0.025 24.25 ± 0.08

2 Red 27.25 ± 0.015 0.30 ± 0.045 9.85 ± 0.065

3 Blue 115.15 ± 0.125 0.30 ± 0.01 20.35 ± 0.005

4 Black 33.10 ± 0.37 1.70 ± 0.01 −0.30 ± 0.02
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Conclusion

In conclusion, this study established that recycled post consumer glass can be
employed as a suitable extender material for the development of textured coat based
on the result of the viscosity of 35 poise and specific gravity analysis of 1.27. Also,
that the developed coat exhibits lower concentrations of heavy metals for buildings
as compared to contemporary textured coats whose concentrations are greater than
90 ppm for Pb, 100 ppm for Cd, and 100 ppm for Co.
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Introduction

There has been a significant investigation into the use of ceramic/metal interpene-
trating composites for wear applications in recent years due to their high strength,
toughness, stiffness, and resistance to wear, distortion, corrosion, and thermal shock
[1–3].

Ceramic/metal interpenetration also has applications in the aerospace and armour
domains inwhichweight reductionwhile retaining strength and dimensional stability
is a major concern. In armour, the crack bridging properties and interlocking
microstructural features of ceramic/metal composites may reduce the need for both
a front and backing face plate to retard the striking force and absorb the residual
kinetic energy of a projectile. This would in turn reduce both weight and processing
complexities and increase the ability of ballistic protection systems to withstand
multiple impacts [4].

Aluminium appears to be the preferred metal for ceramic/metal interpenetrating
composites and SiC the preferred ceramic when compared with B4C, Si3N4, TiB2,
and TiC in terms of both mechanical properties and ease and cost of manufacture [4,
5]. Co-continuous ceramic composites are also preferred over particle-reinforced
composites as they allow for a higher proportion of ceramic [6, 7]. SiC/Al–Cu
particle-reinforced and SiC/Al co-continuous ceramic composites have been used
to produce brake discs where the latter exhibited better wear resistance with half the
density of cast iron and steel [8, 9].

Gravity infiltration has been reported as an effective method of fabricating Al/SiC
co-continuous ceramic composites [10, 11] thoughvolumetric contractionof the alloy
during solidification can reduce the quality of interfacial bonding between metal and
ceramic. Gas pressure infiltration is therefore suggested as the preferred method of
fabricating metal/ceramic co-continuous ceramic composites to enhance interfacial
bonding [12].

Vijayan et al. [13] discuss a novel approach to the fabrication of AA5083/SiC
co-continuous ceramic composite by gas pressure infiltration and analyse the
composite’s synthesis, microstructural properties, and mechanical behaviour in
comparison with SiC foam. The AA5083/SiC co-continuous ceramic composite was
fabricated in a custom-made Ar gas-based pressure chamber in which SiC foam was
preheated to 750 °C before the addition of AA5083 ingot slices for melting. Upon
addition of theAA5083, themeltwas then superheated to 795 °C, atmospheric airwas
evacuated from the chamber, and Ar gas was purged to the sealed pressure chamber
to a pressure of 4 bars for gas pressure infiltration and 1 bar for gravity infiltration.
The results of the study by Vijayan et al. [13] included successful fabrication of the
AA5083/SiC co-continuous ceramic composite, analysis of the chemical composi-
tion of the SiC foams andAA5083 alloy, microstructural andmetallographic analysis
of the 10 and 20 PPI SiC foams and composite samples, and macroscopic failure
analysis of the composite samples.
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The aim of this study is to characterise and compare themicrostructural properties
and mechanical behaviour of the AA5083 alloy in samples of AA5083/SiC co-
continuous ceramic composite fabricated by gas pressure infiltration with 10 and 20
PPI SiC foams and by gravity infiltration with 10 PPI SiC foam. To this end, porosity
measurements, microstructural examination, and hardness testing of the AA5083
alloy in each of the three groups of composite samples were carried out to determine
the effects of both pressure and SiC foam pore size on the microstructural properties
of the AA5083 in each group.

Materials and Methods

Materials

Co-Continuous SiC Foams

Co-continuous SiC foams were used as the ceramic preforms in both gravity and gas
pressure infiltration to fabricate the AA5083/SiC co-continuous ceramic composites
investigated in this study. The composites fabricated by gas pressure infiltration used
two different foam pore sizes of 10 and 20 pores per inch. Only 10 PPI SiC foam
was used in the composite fabricated by gravity infiltration.

The average densities of the 10 and 20 PPI SiC foams were calculated by
measuring their masses and volumes, respectively. The 10 PPI SiC foams prior to
infiltration had an average density of 443.399 kg/m3 while the 20 PPI SiC foams
prior to infiltration had an average density of 468.865 kg/m3. According to this data,
the 20 PPI SiC foams had a higher average density than the 10 PPI SiC foams by
25.466 kg/m3.

Aluminium Alloy

During both gravity and gas pressure infiltration, SiC foams were infiltrated with
AA5083. The chemical composition of this alloy is shown in Table 1. Samples of
AA5083 following heat treatment were subjected to both optical microscopy and
Vickers hardness testing in this study.

Co-Continuous Ceramic Composite

Samples of the AA5083 co-continuous ceramic composite investigated in this study
were fabricated using both gravity and gas pressure infiltration. The aims of the

Table 1 Chemical composition of AA5083 aluminium alloy [13]

Element Mg Mn Fe Si Cr Ti Cu Zn Al

Percent composition (%) 4.43 0.55 0.24 0.13 0.094 0.058 0.02 0.02 Balance
[94.458]
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study were to compare the two fabrication methods and identify any differences in
the composite caused by using 10 and 20 PPI SiC foams for gas pressure infiltration.

Metallographic Sample Preparation

Both the AA5083 and AA5083/SiC co-continuous ceramic composite samples were
cut with a Buehler IsoMet LowSpeed Saw using a 102mm IsoCut CBNLCWafering
Blade and IsoCut Fluid as the coolant. All samples were ground and polished on a
Struers Tegramin-25 before being automatically cleaned in a Struers Lavamin. The
samples were further polished in a Buehler VibroMet 2 Vibratory Polisher Machine
set to an amplitude of 30% for 240 min. They were then rinsed with distilled water
followed by ethanol and lightly dried with compressed air. Finally, all samples were
individually submerged in a beaker of distilled water and cleaned in an ultrasonic
cleaner for 3 min each.

Microstructural and Mechanical Property Analysis

Optical Microscopy

All AA5083 and A5083/SiC co-continuous ceramic composites were examined
(Figs. 1, 2, 3 and 4) on a ZEISS Axio Imager 2.M2m. Images were captured with a
ZEISS AxioCam MRc digital camera for optical microscopy using ZEISS ZEN 3.2

Fig. 1 AA5083 sample after
heating without infiltration
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Fig. 2 10 PPI AA5083/SiC co-continuous ceramic composite sample fabricated by gas pressure
infiltration

Fig. 3 20 PPI AA5083/SiC co-continuous ceramic composite sample fabricated by gas pressure
infiltration



62 G. Warren et al.

Fig. 4 10 PPI AA5083/SiC
co-continuous ceramic
composite sample fabricated
by gravity infiltration

(ZEN pro) microscope software. Area fraction measurement was performed on each
sample using ImageJ software to determine the area fractions of SiC and AA5083
present in each sample.

Vickers Hardness Testing

Vickers hardness testing was performed on all AA5083 and AA5083/SiC co-
continuous ceramic composite samples using a Shimadzu HMV-G21 Micro Vickers
Hardness Tester. Indentation hardness measurements were recorded approximately
every 2 mm along both the horizontal and vertical axes of the samples with care
taken to avoid direct contact of the indenter with SiC.

Results

Area Fraction Measurement

SiC Area Fraction

The highest average area fraction of SiCwas in the 20 PPI composite with an average
area fraction of 31.3% followed by the 10 PPI composite fabricated by gravity infil-
tration with an average area fraction of 30.4%. The lowest average area fraction
of SiC was in the 10 PPI composite fabricated by gas pressure infiltration with an
average area fraction of 26.2%.
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Comparing the 10 and 20 PPI composite samples fabricated by gas pressure
infiltration, the 20 PPI sample had a higher average area fraction of SiC than the
10 PPI sample by 5.1%. Comparing the 10 PPI composite samples, the composite
fabricated by gravity infiltration had a higher average area fraction of SiC than the
sample fabricated by gas pressure infiltration by 4.3%.

Porosity

The AA5083 alloy samples after heating without infiltration had an average porosity
of 8.6%. Both gravity and gas pressure infiltration of SiC foam with AA5083 alloy
caused a reduction in average porosity from that of the AA5083 alloy. The greatest
reduction in average porosity was in the 20 PPI composite with a reduction of 5.9%
or 68.2% of the alloy’s original porosity followed by the 10 PPI composite fabricated
by gas pressure infiltration with a reduction of 5.6% or 65.6% of the alloy’s original
porosity. The least reduction in average hardness was in the 10 PPI composite fabri-
cated by gravity infiltration with a reduction of 5.0% or 58.1% of the alloy’s original
porosity.

Comparing the 10 and 20 PPI composite samples fabricated by gas pressure
infiltration, the AA5083 in the 20 PPI sample had a lower average porosity than the
10 PPI sample by 0.22%. Comparing the 10 PPI composite samples, the AA5083 in
the sample fabricated by gas pressure infiltration had a lower average porosity than
the sample fabricated by gravity infiltration by 0.65%.

Mechanical Property Analysis

Hardness

The AA5083 alloy samples after heating without infiltration had an average hardness
of 79 HV. Both gravity and gas pressure infiltration of SiC foam with AA5083 alloy
caused a reduction in average hardness from that of the AA5083 alloy. The greatest
reduction in average hardness was in the 20 PPI composite with a reduction of 15.6
HV or 19.7% followed by the 10 PPI composite fabricated by gravity infiltration
with a reduction of 6.6 HV or 8.3%. The least reduction in average hardness was in
the 10 PPI composite fabricated by gas pressure infiltration with a reduction of 5.3
HV or 6.7%.

Comparing the 10 and 20 PPI composite samples fabricated by gas pressure
infiltration, the AA5083 in the 10 PPI sample had a higher average hardness than the
20 PPI sample by 14.7 HV. Comparing the 10 PPI composite samples, the AA5083
in the sample fabricated by gas pressure infiltration had a higher average hardness
than the sample fabricated by gravity infiltration by 1.3 HV.
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Discussion

In this study, fourmain quantitative properties were investigated to inform the discus-
sion as to the effects of pressure and SiC foam size on the microstructural properties
of AA5083 in AA5083/SiC co-continuous ceramic composites. These properties
were SiC foam density, SiC area fraction, AA5083 porosity, and AA5083 hardness.
The average values of these properties for each sample group are ranked in Table 2
for ease of comparison. Observations were also made as to the grain sizes of AA5083
in each sample group and AA5083 hardness approaching and moving further away
from areas of SiC in each sample.

In all sample groups, infiltration of SiC foam with AA5083 alloy resulted in a
decrease in average porosity and hardness of the AA5083 alloy. The greatest reduc-
tion in average porosity was in the 20 PPI composite fabricated by gas pressure
infiltration with a reduction of 68.2% of the alloy’s original porosity, followed by the
10 PPI composite fabricated by gas pressure infiltration with a reduction of 65.62%
and the 10 PPI composite fabricated by gravity infiltration with a reduction of 58.1%.
The greatest reduction in average hardness was in the 20 PPI composite fabricated
by gas pressure infiltration with a reduction of 19.7% of the alloy’s original average
hardness followed by the 10 PPI composite fabricated by gravity infiltration with a
reduction of 8.3% and the 10 PPI composite fabricated by gas pressure infiltration
with a reduction of 6.7%.

The decrease in porosity of the AA5083 during infiltration can be attributed to
the stresses the alloy experiences as it moves through the SiC foam which cause the
collapse of pores within the alloy. These stresses are particularly pronounced with
the additional application of pressure to the alloy in gas pressure infiltration resulting
in further decreases in porosity. The decrease in hardness can then be attributed to the
alloy being divided into smaller conglomerated volumes during infiltration. These
smaller individual volumes are less compacted than one large volume of aluminium
due to there being less force due to gravity on each individual volume which causes
a decrease in hardness.

Table 2 Ranked average microstructural properties of each AA5083/SiC co-continuous ceramic
composite. #1 represents the highest and #3 the lowest values

20 PPI gas pressure
infiltration

10 PPI gas pressure
infiltration

10 PPI gravity
infiltration

SiC foam density #1
468.865 kg/m3

#2
443.399 kg/m3

#2
443.399 kg/m3

SiC area fraction #1
31.287%

#3
26.162%

#2
30.443%

AA5083 porosity #3
2.737%

#2
2.960%

#1
3.607%

AA5083 hardness #3
63.5 HV

#1
73.8 HV

#2
72.5 HV

AA5083 grain size #3 #2 #1
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Foam Density and SiC Area Fraction

In all sample groups, there was a direct correlation between SiC foam density and
SiC area fraction. The 20 PPI samples had the highest average foam density and SiC
area fraction while the 10 PPI samples had the lowest. This is to be expected as a
higher average foam density will directly correspond to a larger presence of SiC. It
should be noted that the 20 PPI SiC foams have smaller pore sizes and more pores
than the 10 PPI SiC foams.

Pressure

Examining the 10 PPI composites fabricated by both gas pressure and gravity infil-
tration, an inversely proportional relationship was observed between porosity and
hardness of the AA5083. This is to be expected as AA5083 with a higher proportion
of pores will collapse more readily and thus exhibit lower hardness than AA5083
with a lower proportion of pores [14].

The AA5083 in the 10 PPI composite fabricated by gas pressure infiltration had
a higher average hardness (73.8 HV) and lower average porosity (2.960%) than in
the 10 PPI composite fabricated by gravity infiltration (72.5 HV, 3.607%) by 1.3 HV
and 0.65%. The effect of increasing the pressure of infiltration is thus an increase
in hardness and decrease in porosity of the AA5083. This is also to be expected as
the application of pressure will cause further collapse of pores within the alloy and
thereby decrease porosity and increase hardness [14, 15].

An inversely proportional relationship between grain size and hardness was also
observed as the AA5083 in the 10 PPI composite fabricated by gas pressure infil-
tration had a smaller average grain size and higher average hardness than in the
10 PPI composite fabricated by gravity infiltration. This inverse proportionality can
be attributed to the application of pressure during gas pressure infiltration which
compacts and reduces the size of grains within the alloy while also collapsing
AA5083 pores to decrease porosity and increase hardness [14–16].

Pore Size

Examining the 10 and 20 PPI composites fabricated by gas pressure infiltration, an
unexpectedly proportional relationshipwas observed between porosity and hardness.
The AA5083 in the 10 PPI composite fabricated by gas pressure infiltration had a
higher average hardness (73.8 HV) and higher average porosity (2.96%) than in the
20 PPI composite fabricated by gas pressure infiltration (63.5 HV, 2.74%) by 14.7
HV and 0.22%. The effect of decreasing the SiC foam density and consequently
increasing pore size is thus a decrease in hardness and porosity of the AA5083.



66 G. Warren et al.

An unexpectedly proportional relationship between grain size and hardness was
also observed as the AA5083 in the 20 PPI composite fabricated by gas pressure
infiltration had a smaller average grain size and lower average hardness than in
the 10 PPI composite fabricated by gas pressure infiltration. The smaller grain size
of the 20 PPI composite can be attributed to a faster cooling rate [17] as smaller
conglomerated areas of aluminium like those present in the 20 PPI composite will
take less time to cool and thus form smaller grains. In AA5083, smaller grain size is
generally associated with lower porosity [18] as is the case in the 20 PPI composite
fabricated by gas pressure infiltration.

The proposed cause of increasing hardness with increasing SiC foam pore size in
this study is the compaction caused by having larger quantities of AA5083 conglom-
erating in a single volume within larger pores. The 10 PPI composite fabricated by
gas pressure infiltration in this study had larger pores than the 20 PPI composite
allowing more AA5083 to seep into each pore and resulting in larger conglomer-
ated volumes of AA5083. In a conglomerated volume of AA5083, AA5083 particles
entering the volume push the outer AA5083 particles against the SiC and the outer
particles push back on the inner particles in response, resulting in compaction of
the AA5083 (Fig. 5). The presence of more AA5083 in each pore causes there to
be more particles pushing against the outer AA5083 and consequently more force
pushing back on the inner AA5083 particles which results in greater compaction of
the alloy as a whole and higher average hardness.

This hypothesis was supported by the qualitative observation that the hardness
of AA5083 increased with decreasing distance from the interface between AA5083
and SiC in each sample. This observation was made by determining the location and
corresponding magnitude of each hardness measurement on the optical microscopy

Fig. 5 Compaction of AA5083 within SiC foam pores
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images. The outermost AA5083 had the most pressure applied to it when forced
against the SiC by the collective AA5083 within the pore and thus appeared to
generally contain higher hardness measurements.

Other potential contributing factors to the increase in AA5083 hardness nearing
the interface between AA5083 and SiC include a faster rate of cooling of the outer-
most AA5083 within each pore [19] or the formation of a SiC precipitate as small
portions of loose SiC may have been displaced by the AA5083 near the interface.
There is some evidence of AA5083 grain size reducing along some of the interfaces
within each sample which could be caused by both the pressure of the inner AA5083
in each pore pushing outward [15, 16] and the faster cooling rate of the outer AA5083
near the interface [17, 19]. Further investigation is required to confirm the cause of
this phenomenonwhich could include scanning electronmicroscopy (SEM), electron
backscatter diffraction (EBSD), and energy-dispersive X-ray spectroscopy (EDS) of
the samples.

Conclusions

This study sought to characterise the microstructures of AA5083 in AA5083/SiC
co-continuous ceramic composites (C4) fabricated by gas pressure infiltration with
10 and 20 PPI SiC foams, respectively, and by gravity infiltration with 10 PPI SiC
foam.

The following conclusions were drawn from the results of the study:

1. Both gas and gravity infiltration of SiC foams with AA5083 resulted in lower
AA5083 hardness and porosity than heating the AA5083 without infiltration
under the same conditions.

2. Gas pressure infiltration resulted in higherAA5083 hardness and lowerAA5083
porosity than gravity infiltration.

3. Lower SiC foam density and consequently larger SiC foam pore size resulted
in higher AA5083 hardness and porosity.

4. AA5083 hardness increased with decreasing distance from SiC within each of
the AA5083/SiC co-continuous ceramic composites.

Ongoing research into the influence of SiC foam pore size on the microstruc-
tural properties of AA5083 in AA5083/SiC co-continuous ceramic composites is
focused on the determination of the cause of increased hardness nearer to the inter-
face between AA5083 and SiC and the correlation of this phenomenon with pore
size.
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Study on the Degradation Behavior
of Organic Humic Acid
from the Wastewater by Refractory
High-Titanium Slag After Metallurgical
Transformation

Yubi Wang, Shengpeng Su, Bingbing Liu, Guihong Han, and Yanfang Huang

Abstract Vanadium-titanium magnetite and ilmenite are recognized as one type of
themost refractorymineral resources. Conventional carbothermal reduction smelting
to extract Fe and Ti from vanadium-titanium magnetite and ilmenite is based on
the natural resource attribute. After reduction smelting, abundant refractory high-
titanium slag was obtained. In this work, according to the environmental material
attribute, an alternative utilization for degradation of organic humic acid from the
wastewater by high-titanium slag after metallurgical transformation was conducted
via the ultraviolet absorption and degradation experiments. After metallurgical trans-
formation at 1200 °C for 120 min, the high-titanium slag was transformed to titanate
with spinel-type structure and photocatalytic property in the manganese titanates.
The degradation efficiency of humic by the manganese titanate was over 48% as the
fine-grainedmanganese titanate was with a dosage of 1.5 g/L and humic acid concen-
tration was 10 mg/L. This work provided a high-value treatment of high-titanium
slag for environmental remediation.

Keywords High-titanium slag ·Metallurgical transformation · Titanate · Humic
acid · Photocatalytic degradation

Introduction

Vanadium-titanium magnetite and ilmenite are recognized as one type of the most
refractory mineral resources and it is widely distributed in the Panzhihua, Chendei,
and Hanzhong of China [1]. In recent years, ilmenite has become the main mineral
resource of the titanium industry with the massive consumption of global rutile
resources [2]. About 95% of titanium resources are used to produce titanium dioxide
pigments [3]. There are two traditional processes for the production of titanium
dioxide pigment, including the sulfate process and chloride process. Compared with
the sulfate process, the chloride process requires high-grade titanium resources [4].
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The high-titanium slag, as a raw material for the chloride process, is a high-grade
titanium resource obtained by treating the ilmenite through electric furnace smelting.

The process of producing titanium dioxide and metallic titanium from high-
titanium slag consumes high energy and generates a large amount of wastes [5].
As a high-quality raw material for the production of titanium dioxide, the content
of titanium dioxide in high-titanium slag is higher than that of ilmenite, while the
content of iron oxide is lower than that of ilmenite. Titanium dioxide has been used
in various fields such as pigment, semiconductor reagent, and photocatalyst. In order
to reduce costs, high-titanium slag has been developed as a photocatalyst to degrade
organics in wastewater [6]. The rare metals were used as additives to increase the
degradation rate [7]. These processes for pure titanates production are characterized
by high energy consumption, environmental pollution, and low efficiency. There-
fore, it is of scientific value and practical significance to prepare titanates directly
through short physical or chemical treatment of high-titanium slag. For example, the
high-titanium slag was used as a precursor to prepare TiC and KNaTiO3 functional
materials [8, 9].

Humic acid as part of natural organic matter accounts for 90% of the dissolved
organic matter in surface water. Humic acid, as a pollutant of drinking water
resources, can be removed by activated carbon adsorption, ultrafiltration membrane
filtration, photocatalytic degradation, and other technologies. Photocatalytic degra-
dation of humic acid has become a popular research topic. BaTiO3 as a photocatalyst
has an excellent degradation effect on humic acid [10].

Manganese titanate is used as a photocatalyst to degrade organic matter and can
be obtained by solid phase calcination [11–13]. In consideration of the expensive
price of pure titanium dioxide, in this work, we will use high-titanium slag as a raw
material to composemanganese titanate. Titanate is widely used in the photocatalytic
degradation of organic matter. The photocatalytic degradation of humic acid by the
as-prepared manganese titanate was evaluated. In addition, the degradation effect of
manganese titanate synthesized from the high-titanium slag was compared with the
manganese titanate synthesized by pure materials.

Experimental

Materials

The high-titanium slag used in this work was obtained from ilmenite smelted by an
electric furnace. Themain components of high-titanium slag are TiO2 andFe2O3 with
79.635 wt% and 9.078 wt%, respectively (as shown in Table 1). The main impurities
included 2.103 wt% Na2O, 2.584 wt% SiO2, 1.188 wt% Al2O3, and 0.923 wt%
MgO. TheX-ray diffraction (XRD) patterns of the high-titanium slag are presented in
Fig. 1. Themain phases in the high-titanium slagwere ilmenite (FeTiO3), iron titanate
(Fe2TiO5), and titanium dioxide (TiO2). Pure MnO2 (Aladdin Reagent (Shanghai)
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Table 1 Composition of high-titanium slag (wt %)

Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO2 Fe2O3

2.013 0.923 1.188 2.584 0.061 0.194 1.483 0.023 0.247 79.635 0.237 1.909 9.078

Fig. 1 XRD diagram of high-titanium slag ore

Co., LTD.) with purity of 99.5 wt% was used in the present work. In this work, the
high-titanium slag was ground and sieved to 100 wt% by being passed through a
0.074 mm sieve in advance. The chemically pure TiO2 powders also were used as
raw materials in the cause of investigating the reaction mechanism.

Oxidization Roasting Process

Figure 2 shows the experimental flowsheet for the preparation of titanate. Before the
briquetting and oxidization roasting, the high-titanium slag and MnO2 were mixed
with an agate mortar. The mass ratio of high-titanium slag and manganese dioxide is
variable. Then the mixture added with 10 wt%moisture was briquetted by mold into
a cylindrical briquette with a diameter of 10 mm and height of 20 mm at a pressure of
50MPa, and then the cylindrical briquettewas dried at 60 °C for 24 h. The oxidization
roasting experiment on the waterless briquettes was carried out in a muffle furnace
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Fig. 2 Schematic diagram of the experimental process

at 1200 °C for 2 h under an air atmosphere. Subsequently, the manganese titanate
was wet-milled in a ceramic ball mill for 12 h and dried at 60 °C for 12 h to obtain
titanate with uniform particles. The chemically pure TiO2 and MnO2 reacted in the
same way as the process in Fig. 2 with a mass ratio of 1:1 to prepare pure manganese
titanate.

Characterization of Material

The main phase identification of the manganese titanate was investigated by XRD
(RIGAKU D/Max 2500, Japan) under the following conditions: Cu Kα, tube
current, and voltage: 250 mA, 40 kV, scanning range: 10°–80° (2θ), and scan-
ning speed: 5°/min. The microstructure of the roasted samples was observed using
optical microscopy (LEICA DM1750M, Germany). The particle size distribution
of the manganese titanate was examined by Malvern Laser Particle Size Analyzer
(Mastersizer, 2000; Britain).

Photocatalytic Degradation of Humic Acid

The photocatalytic degradation of humic acid by the manganese titanate was carried
out in a multi-channel photochemical reaction apparatus (PL-SX100A). The photo-
catalytic experiment was conducted in a cylindrical quartz glass reactor with an
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effective vessel volume of 30 mL. A 200 W UV lamp (l = 365 nm) acted as a light
source. The photocatalytic degradation experiment was carried out at a stirring speed
of 100 r/min for 120 min. During the photocatalytic reaction, the manganese titanate
suspension was kept at 25 °C by cooling water. After the photocatalytic reaction,
the suspension was taken out and centrifuged at 8000 r/min for 10 min to obtain a
clear HA solution. The concentration of HA in a clear solution was measured by a
Dual-beam UV–Vis Spectrophotometer (TU-1902) at 204 nm. The degradation rate
of HA can be calculated by the following formula:

R = C0 − C

C0
× 100% (1)

where R is the degradation rate of HA; C0 is the initial concentration of HA, mg/L;
and C is the concentration of HA after reacting 120 min, mg/L.

Results and Discussion

Characterization of Titanate

XRD is used to analyze the phase compositions of the high-titanium slag and MnO2

roasted at 1200 °C for 2 h. As exhibited in Fig. 3, the main phase in the roasted
products from chemically pure TiO2 and MnO2 is MnTiO3 (PDF#77-1858). As
for the titanate synthesis from slag, manganese titanate is generated in the roasted
production from the high-titanium slag with the addition of MnO2. As the contents
of MnO2 increase, the peak intensity of MnTiO3 enhances sharply, whereas the peak
intensities of TiO2 and Fe2MnTi3O10 decrease. The TiO2 and Fe2MnTi3O10 in the
roasted products disappear when the content of MnO2 additions is 50% and 100%,
respectively. The main phase transforms to pure manganese titanate as the MnO2

dosage is over 100%. In the following work, the manganese titanate synthesized
from the high-titanium slag is marked as MTS, whereas the manganese titanate
synthesized from the pure chemicals is called MTC.

The phase distribution of theMTSandMTCwere observed by opticalmicroscopy.
As shown in Fig. 4a, the TiO2 was uniformly distributed in the high-titanium slagwith
massive form. In the MTS, many MnTiO3 are formed and there are massive holes
around the MnTiO3 (Fig. 4b), which are produced from the MnO2 deoxidation at
high temperature. It can be seen that the MnTiO3 in MTC is homogeneous (Fig. 4c).

Figure 5 illustrates the particle size distribution of the MTS and MTC after wet
grinding. It can be seen the particle size distributions of the MTS and MTC are
uniform and concentrated. The average particle size D(50) of the MTS is 1.883 μm,
whereas the average particle size D(50) of MTC is 1.61 μm. The particle size of
MTC is smaller than that of the MTS. The main reason is that the high-titanium slag
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Fig. 3 XRD patterns of products from the high-titanium slag and MnO2 roasted at 1200 °C for 2 h

Fig. 4 Optical microscopy images of samples a high-titanium slag; bMTS; c MTC

contains other metal ions, which can react with manganese dioxide to form some
substance that is difficult to grind.

Photocatalytic Degradation of Humic Acid Experiment

The effects ofMTS andMTC on the degradation rate of humic acid with 10mg/L are
displayed in Fig. 6. When the HA degradation was conducted by MTC or MTS with
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Fig. 5 Particle size distributions of MTS and MTC

Fig. 6 Degradation rates of humic acid. a MTC; bMTS; c degradation ratio of MTS to MTC

a concentration of 1.5 g/L, it is observed from Fig. 6 that the highest degradation
rate of humic acid by MTC and MTS are 48% and 37%, respectively. As can be
seen from Fig. 6c, the relative degradation rates of MTS to MTC are all above 50%,
and the highest relative degradation rate of 78% is achieved at an MTS addition of
1.5 g/L.
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Fig. 7 Effect of HA concentrations on the photocatalytic degradation of humic acid. a MTC;
bMTS

Figure 7 shows the effect of humic acid concentration on the photocatalytic degra-
dation rate with MTC or MTS of 1.5 g/L. It can be seen from Fig. 7a that the degra-
dation rate of humic acid byMTS first increases and then decreases with the increase
of humic acid concentration and reaches the maximum of 33% at the humic acid
concentration of 10 mg/L. It can be seen from Fig. 7b that the degradation rate of
humic acid by MTC decreases with increasing humic acid concentration, and the
maximum degradation rate is 47%. Compared with MTS, the degradation rate of
humic acid by MTC is higher at the concentration of humic acid below 20 mg/L.

The comparison between photolysis, adsorption, and photocatalysis of MTC and
MTS with a concentration of 1.5 g/L and humic acid concentration of 10 mg/L
is presented in Fig. 8. As observed, the humic acid degradation is in this order:
photocatalysis > adsorption > photolysis. The photocatalytic degradation rate of
MTC is 30% and the adsorption degradation rate is 23%, while the photocatalytic
and adsorption degradation rates of MTS are marginally lower than that of MTC.
Although the degradation efficiency of MTS is slightly lower than that of MTC,
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we can enhance the degradation effect of MTS by some strengthening technologies,
such as mechanical activation, alkali leaching activation, rare metals doping, and so
on. We will report this part of the work in the future.

Conclusion

High-titanium slag and MnO2 were roasted at 1200 °C for 2 h to prepare the
manganese titanate, and it was used to degrade the humic acid from the wastew-
ater. Compared with the manganese titanate prepared from the pure chemicals, the
maximumhumic acid degradation rate by the titanate synthesized fromhigh-titanium
slag was 37% when the humic acid concentration was 10 mg/L and the addition of
catalyst addition was 1.5 g/L, accounting for 78% of the degradation effect of pure
titanate. This work provided a high-value treatment of high-titanium slag for envi-
ronmental remediation. Although the degradation efficiency of manganese titanate
prepared from the high-titanium has a relative degradation effect compared with the
pure manganese titanate, some strengthening approaches such as mechanical activa-
tion, alkali leaching activation, and rare metals doping, can be applied to enhance the
performance of the titanate materials prepared from the high-titanium slag directly.

Acknowledgements The authors wish to express their thanks to the National Natural Science
Foundation of China (No. 51904273, U2004215), the China Postdoctoral Science Foundation (No.
2019M660174, 2019TQ0289), and the Special Support Program for High-Level Talents in Henan
Province (No. ZYQR201912182) for the financial support.

References

1. Chong X, Luan W et al (2020) Overview of global titanium resources status and titanium
consumption trends in China. Miner Conserv Util 40(2):162–170

2. Du Y, Meng Q et al (2020) Study on the flotation behavior and mechanism of ilmenite and
titanaugite with sodium oleate. Miner Eng 152:106366

3. Gázquez MJ, Bolívar JP et al (2014) Areview of the production cycle of titanium dioxide
pigment. Mater Sci Appl 5:441–458

4. Nguyen TH, Lee MS (2019) A review on the recovery of titanium dioxide from Ilmenite ores
by direct leaching technologies. Miner Process Extr Metall Rev 40(4):231–247

5. Huaxin (2014) Introduction to non-ferrous metallurgy. Metallurgical Industry Press, Beijing,
China

6. Kang Y, Xue X et al (2009) Characterization of titanium-containing slag and catalytic degra-
dation of nitrobenzene-containing wastewater under the action of ultrasonic waves. Silic Bull
28(02):229–234

7. Liu D, Bai L et al (2010) Effect of rare earth element doping on the photocatalytic performance
of high titanium slag and titanium concentrate. Chin J Rare Earths 28:313–315

8. Zhou Z, Zhang Y et al (2018) Electrolytic synthesis of TiC/SiC nanocomposites from high
titanium slag in molten salt. Ceram Int 44(4):3596–3605



80 Y. Wang et al.

9. FanW,GaoWet al (2021) Scalable synthesis ofKNaTiO3-based high-temperatureCO2 capture
material from high titanium slag: CO2 uptake, kinetics, regenerability and mechanism study. J
CO2 Util 49:101578

10. Wang P, Fan C et al (2013) A dual chelating sol–gel synthesis of BaTiO3 nanoparticles with
effective photocatalytic activity for removing humic acid from water. Mater Res Bull 48:869–
877

11. Sharma YK, KharkwalM et al (2009) Synthesis and characterization of titanates of the formula
MTiO3 (M=Mn, Fe Co, Ni and Cd) by co-precipitation of mixed metal oxalates. Polyhedron
28:579–585

12. Song Z, Wang S et al (2004) Synthesis of manganese titanate MnTiO3 powders by a sol-gel-
hydrothermal method. Mater Sci Eng B 113:121–124

13. Alkaykh S,Mbarek A et al (2020) Photocatalytic degradation of methylene blue dye in aqueous
solution by MnTiO3 nanoparticles under sunlight irradiation. Heliyon 6(4):e03663



Adsorption of Iron, Copper, Lead,
Chromium, and Cadmium in Cobalt
Sulfate Solution by Goethite

Sujun Lu, Jiang Cao, Yuanyuan Li, Guoju Chen, Jesika, and Guanwen Luo

Abstract Battery level cobalt sulfate is an important rawmaterial for the production
of cathode materials for lithium-ion batteries. Crude cobalt sulfate solution often
contains a variety of impurities. The existence of these impurities will affect the
performance of cathodematerials, so it needs deep purification and impurity removal.
In this project, we used goethite for adsorption and impurity removal of Fe, Cu, Pb,
Cd, Cr, and other impurity elements in cobalt sulfate solution. The result shows that
the order of goethite adsorbing heavy metal ions is chromium, cadmium/nickel, and
cobalt.Andweused the direct oxidation adsorptionmethod to remove iron and adsorb
chromium and copper ions from the solution. Under the conditions of pH value 4.0
and temperature 60 °C, the removal rate of iron ions in the solution can reach 89%,
which provides guidance for the study of adsorption and impurity removal of cobalt
sulfate solution in the future.

Keywords Goethite adsorption · Adsorption sequence · Influence of temperature
and pH

Introduction

As an important strategic metal resource, cobalt and nickel are widely used in
aerospace, chemical industry, pigment, electroplating, battery, daily life, and other
fields [1, 2] At the same time, the waste containing cobalt includes scrap alloy
materials, scrap catalysts, scrap battery materials, metallurgical slag, etc. [3]. It
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also contains many heavy metal impurities. Without reasonable treatment, these
secondary resources of cobalt and nickel will be lost in vain and the heavy metals
contained will cause great damage to the environment.

At present, natural ores and secondary resources are mainly resources of cobalt
and nickel. The treatment process of cobalt and nickel secondary resources includes
pyrometallurgy, hydrometallurgy, biological process, direct regeneration process,
and so on [4]. The waste battery materials of nickel cobalt secondary resources are
often treated by hydrometallurgy. For the cobalt nickel solution obtained from the
leaching step in the hydrometallurgy process, the current impurity removal methods
mainly include neutralization method, sulfide precipitation method, solvent extrac-
tion, ion purification, and so on [5–7]. A large number of scholars have explored the
removal of some metal ions in nickel cobalt solution. Liu Bo et al. [8] used oxidation
hydrolysis method to remove iron from ferric cobalt sulfate solution. When the iron
removal rate reached 99.68%, the loss rate of cobalt in the solution was 2.87% But
the corresponding experimental conditions were harsh. Lin et al. [9] used amorphous
vulcanizing agents MnS and FeS as copper removal agents. It is found that MNS
and FES have good copper removal effect. The copper ion concentration in the solu-
tion after copper removal is less than 3 mg/L. Fuliang [10] and others used P204
to extract and remove copper from nickel electrolyte. Under the conditions that the
volume concentration of P204 was 15% and the ratio was 1:2, the primary extraction
rate of copper in the solution was 81.33%. Qixiu et al. [11] used a new silicone
polyamine composite resin to deeply purify and remove copper from cobalt chloride
solution. Through experiments, it was found that the effect was the best when the
pH value of the feed solution was 4, the contact time was 30 min, and the temper-
ature was 60 °C. Gang et al. [12] introduced dithiocarboxyl into polyethyleneimine
matrix to synthesize a new PEX, which has a good impurity removal effect on mixed
heavy metal ions. When 360 mg/l pex was used, the removal rates of copper ion, lead
ion, zinc ion, and cadmium ion were 100%, 100%, 78.2%, and 99.4%, respectively.
We can see that there are multiple ways to remove some metal impurity ions in the
solution. In terms of operation difficulty and economic benefit., it is unreasonable to
remove different impurity elements in the secondary nickel cobalt resource leaching
solution with multiple ways.

In summary, we propose to remove iron, copper, lead, and other impurity elements
initially in cobalt sulfate solution by goethite adsorption. Also, we can explore its
adsorption sequence of impurity elements and consider the effects of dry or wet
goethite, different pH, and temperature.

Experiment

The reagents used in this experiment include NiSO4 ·6H2O, CoSO4 ·7H2O, CuSO4 ·
5H2O, PbCl2, CdCl2 · 2.5H2O, CrCl3 · 6H2O, FeSO4 · 7H2O, NiCl2 · 6H2O, CoCl2 ·
6H2O, NaOH, and Na2CO3. In this experiment, the main components of the feed
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solution (simulated feed solution) are Ni, Co, Fe, Cu, Cr, Pb, and CD which are
0.02 g/L and Fe is 1.5 g/L.

Firstly, prepare the goethite. We used ferrous sulfate heptahydrate as the iron
source and prepared 2500 ml solution containing 0.1 mol/l iron. With the air blown
in and the speed adjusted, we adjusted the pH value of the solution to about 7 slowly
by adding in 2 mol/L sodium hydroxide. We kept the pH value unchanged. After the
color of the solution turned brown, we filtered the solution by suction. Then the wet
goethite was successfully prepared. The steps to prepare dry goethite are the same
in the first part. After preparing wet goethite, we put it into the oven for 5 h at 50 °C,
and then grinded it to get dry goethite powder.

Secondly, we prepared 1L of solution containing Ni, Co, Cd, and Cr with a
concentration of 0.005 mol/l. We weighed 1.14 g cadmium chloride, 2.5 g water,
1.33 g chromium chloride hexahydrate, 1.11 g cobalt chloride hexahydrate, and
1.21 g nickel chloride hexahydrate. Then we dissolved them, transferred the solu-
tion, washed them, and metered volume. We made the molar ratio of dry and wet
goethite to impurities 10:1, 20:1, 60:1, and 80:1 with 200 ml of the above-prepared
solution for each one. Then we took the corresponding quantity dry and wet goethite
to complete the reactions with PH 4.5 at 25 °C for 10 h.

Thirdly, we controlled pH value at 3.0, 3.5, 4.0, 4.5, and 5.0 with 200 ml of the
above-prepared solution for each one to complete the reactions with injecting air,
stirring at a rate of 10 r/min at 60 °C for 1.5 h. Lastly, we controlled temperature at
50, 60, 70, 80, and 90 °C with 200 ml of the above-prepared solution for each one
to complete the reactions with injecting air, stirring at a rate of 10 r/min at pH value
4.0 for 1.5 h.

Themain equipment used to test the experimental results are X-ray diffractometer
and ICP-AES.XRDuses the specific diffraction pattern of each crystal to analyze and
detect the composition and content of compounds in the sample; ICP detection uses
the linear relationship between the characteristic spectral intensity and concentration
of the element standard solution to detect the spectral intensity of unknown samples,
and then convert it into the concentration of elements in the solution.

Results and Discussion

Impurity Removal by Goethite Method

We tested the prepared goethite samples by XRD after drying and grinding.
Comparing the obtained samplewith the goethite standard PDFcard (PDF#81-0463),
the results are as follows.

It can be seen from Fig. 1 that all diffraction peaks of the prepared goethite are
in good agreement. It is determined that the prepared sample is goethite and there
are no other impurity peaks. It indicates that there is no third phase. Meanwhile,
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Fig. 1 Diffraction pattern of goethite

the poor diffraction peak type is due to the low crystallinity of goethite obtained by
hydrothermal method without heat treatment.

In next section, we compared the adsorption effects of dry and wet goethite. Then
we studied the adsorption sequence and adsorption effect of goethite on impurities
such as lead, chromium, and cadmium under different molar ratios.

To compare the adsorption effects of dry andwet goethite, we controlled themolar
ratio of dry and wet goethite to impurities to 20:1 to complete reaction at 25 °C with
initial pH value 4.0 and stirring for 10 h. Then we tested it by ICP after diluting
the original solution and posting reaction solution by corresponding multiple. The
results are as follows.

It can be seen from Table 1 that both dry and wet goethite can adsorb Cd, Cr,
Ni, and Co. But through the comparison between dry and wet goethite, we can see
that the adsorption rate to the main metal nickel and cobalt is relatively low by wet

Table 1 Comparison of adsorption rates of dry and wet goethite

Goethite Adsorption rate of each element/%

Cd Cr Ni Co

Dry 39.65 56.80 39.63 40.03

Wet 22.99 54.45 23.30 23.02
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goethite. It also resulted in less loss of nickel and cobalt. Therefore, the adsorption
effect of wet goethite is better. So that we used wet goethite in subsequent tests.

To explore the influence of the amount of wet goethite on the adsorption effect,
we controlled the molar ratio of goethite to impurities to 10:1, 20:1, 40:1, 60:1, and
80:1, respectively, to complete reaction at 25 °C with initial pH value 4.5 and stirring
for 10 h. Then we tested it by ICP after diluting the original solution and posting
reaction solution by corresponding multiple. The results are as follows.

It can be seen from Fig. 2 that with the increase in molar ratio of goethite and
impurity, the removal rate of chromium and cadmium ions increases as a whole.
The adsorption order is chromium, cadmium/nickel, and cobalt. The removal rate
of cadmium is low about 22% and fluctuates little. Compared with dry adsorption,
the removal effect of impurities by wet adsorption is better, but there is no obvious
difference.

For the main metal nickel and cobalt, with the increase in molar ratio of goethite
and impurity, the loss of nickel and cobalt increases firstly and then decreases. When
themolar ratio is 40:1, the loss of nickel and cobalt is the largest about 24%, basically
the same as that of dry adsorption. On the whole, the loss rate of nickel and cobalt is
between 20 and 25%, and the loss is large.

Fig. 2 Adsorption effect of wet goethite on various elements
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With the increase of goethite addition, the number of adsorbents increases. The
adsorption and impurity removal effect of goethite on various elements is enhanced.
So the adsorption rate of various elements in Fig. 2 shows an increasing trend. On the
whole, the wet goethite has good adsorption effect. But at the same time, the loss of
nickel and cobalt is also large. We speculated that the wet goethite was more active
and easier to adsorb nickel and cobalt than the dry goethite. So the loss of nickel
and cobalt is also large. From Fig. 2, the order of goethite adsorption and impurity
removal is chromium, cadmium/nickel, and cobalt.

Direct Oxidation Adsorption Impurity Removal

In this section, we used direct oxidation adsorption method for impurity removal.
We used ferrous sulfate as the iron source to generate goethite to remove Fe2+ in
the solution with injecting air, changing the reaction temperature and pH value and
regulating the oxidation of Fe2+. And we investigated the effects of temperature and
pH value on iron removal.

To explore the influence of pH value on adsorption effect, we controlled pH value
at 3.0, 3.5, 4.0, 4.5, and 5.0, respectively, to complete the reactions with injecting
air, stirring at a rate of 10 r/min at 60 °C for 1.5 h. Then we tested it by ICP after
diluting the original solution and posting reaction solution 50 times. The results are
as follows.

It can be seen from Fig. 3 that with the increase of pH value, the removal rate
of iron has been increasing. When the pH value is 4.5, the iron precipitation rate is
as high as 99.9%. The iron has been basically removed. There are some differences
between copper and iron removal effect. With the increase of pH, the copper removal
effect increases significantly at first. When the pH is about 4.0, the copper removal
effect is the best about 99%.With the increase of pH value, the copper removal effect
decreases. When the pH is about 5.0, the copper removal rate is 80%.

Within the range of series pH value experiments, the effect of cadmium removal
is better, more than 85%. The chromium removal rate is more than 99% when pH
≥ 3.5. With the increase of pH value, the cadmium removal rate decreased slightly,
and then increased slowly. When pH value is 5.0, the cadmium removal effect is the
best about 37.6%. Generally speaking, the lead removal rate is not high. When the
pH reaches 5.0, the lead removal effect is the best about 47.5%.

The loss rate of main metal increases with the increase of pH. For metal nickel,
the loss effect is not obvious when the pH is lower than 3.5. When the pH is 4.0, the
loss rate is 4%. When the pH is higher than 4.0, the loss rate increases significantly.
When the pH is about 5.0, the loss rate of nickel is as high as 73%. The loss trend of
metal cobalt is similar to that of metal nickel, but its loss rate is always higher than
that of metal nickel. When pH is 5.0, cobalt loss is the most serious, and the loss rate
is as high as 76%. In general, the experimental conditions with pH 4.0 are the best.

4Fe2+ + O2 + 6H2O = 4FeOOH + 8H+ (1)
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Fig. 3 Effect of pH on impurity removal

It can be seen from this formula that with the increase of pH value, the more
hydrogen ions consumed by hydroxide ions, promoting the positive movement of
the reaction, themore goethite has been generated. The iron removal rate is increased.
And the more goethite is generated, the better adsorption effect on impurity elements
is. So the removal rate of each element is increasing as a whole.

Toexplore the influenceof temperature on adsorption effect,we controlled temper-
ature at 50, 60, 70, 80, and 90 °C to complete the reactions with injecting air, stirring
at a rate of 10 r/min and pH value 4.0 for 1.5 h. Then we tested it by ICP after
diluting the original solution and posting reaction solution 50 times. The results are
as follows.

It can be seen from Fig. 4 that with the increase of temperature, the removal
rates of iron and copper show an overall growth trend. When the temperature
increases from 70 to 80 °C, the iron and copper removal effects increase signifi-
cantly. At 80 °C, the removal rates of iron and copper are the highest about 63.12%
and 90.77%, respectively. When the temperature continues to increase, the removal
rates of iron and copper effects decrease, but the change is not obvious.

In the range of series temperature experiments, the removal effect of chromium
changes little, and the chromium removal rate is high. For the removal of lead and
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Fig. 4 Effect of temperature on impurity removal

cadmium, the effect is not particularly obvious. The removal rate of cadmium is
stable between 8 and 15%. It has little effect on the removal of lead.

The loss rate of nickel and cobalt is basically between 5 and 10% with little
fluctuation. The loss rate is the lowest at 60 °C, about 7.75% and 6.12%, respectively.

Overall, the removal effect of chromium, copper, and iron is good, and the loss of
nickel and cobalt is low at 80 °C. Therefore, 80 °C is a good experimental condition.

Conclusions

(1) The adsorption order of goethite to chromium and cadmium is chromium and
cadmium.The direct oxidation adsorptionmethod can remove iron ions, copper
ions, and chromium ions in the solution. It can remove some nickel and cobalt
ions by adsorbing.

(2) In the experiment of direct oxidation adsorption impurity removal, the
temperature of 80 °C and pH value of 4 are the best experimental conditions.
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Study on Efficient Burdening
for Preparation of Fused Calcium
Magnesium Phosphate Fertilizer
from Low-Grade Phosphate Ores

Tingting Wang, Luyi Li, Cuihong Hou, Haobin Wang, Shouyu Gu,
and Jie Wang

Abstract Acidification and trace elements lack in the soil deteriorates the healthy
planting of crops in China. One effective approach to relieving soil acidification and
infertility is to use alkaline-fused calcium magnesium phosphate fertilizer (FMP).
As a carrier of many micronutrients, low-grade phosphate ore was used as the raw
materials to prepare the alkaline FMP in this work. An efficient burdening for prepa-
ration of FMP based on the glass structure factors (Ob/Yb) was briefly introduced,
and then the fusion characteristic of the low-grade phosphate ore with various Ob/Yb

values was characterized. Melting experiments show that the increase of melting
temperature and time can dramatically enhance the effective conversion of nutrient
elements in phosphate ore. After melting at 1450 °C for 10 min with Ob/Yb of 3.06,
94.87% P2O5, 91.68% CaO, 93.69% MgO, and 92.46% SiO2 are activated in the
alkaline FMP, which can be readily absorbed by the crop root system.

Keywords Fused calcium magnesium phosphate fertilizer ·Melting temperature ·
Melting time · Effective conversion

Introduction

In recent decades,with the large-scale application ofNPK fertilizers and the improve-
ment of crop yield in the process of crop plantation, the phenomenon of soil acidi-
fication and the deficiency, and imbalance of trace elements in soil and crops have
become increasingly severe, which have become the limiting factors for the sustain-
able improvement of crop yield and quality. According to the data estimated by the
National Agricultural Technology Extension Center of the Ministry of rural of the
Ministry of agriculture in 2014, Chinese soil cultivated land areas with the content
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of trace elements such as Ca, Mg, S, Fe, Mn, Cu, Zn, B, and Mo below the critical
values which has reached 63%, 53%, 40%, 31%, 48%, 25%, 42%, 84%, and 59%,
respectively [1, 2]. Therefore, it is urgent to study and prepare alkaline fertilizer with
a reasonable proportion and rich nutrient elements.

Chinese phosphate ore resources are abundant but not rich, ofwhich 70%are P2O5

15–25% middle-low-grade collophane ore containing high silicon and magnesium.
Due to its small mineral grain size, densely embedded, and many harmful impurities,
it makes beneficiation difficult largely, and a considerable amount of phosphorus will
be lost during the beneficiation process [3, 4]. In addition, 4t tailings were accumu-
lated at least when 1t high-grade phosphate ore with P2O5 30% was beneficiated,
which has a significant impact on the environment [5, 6]. Fused calcium magnesium
phosphate fertilizer (FMP) can directly use middle-low-grade phosphate rock and
the ore flux containing magnesium and silicon as raw materials, which are melted at
high temperature and quenched with water to form glassy fragments with low chem-
ical stability. Xu Xiucheng [7] invented the glass structure factor (Ob/Yb) batching
method to guide the production of FMP. Ob/Yb is a significant parameter reflecting
the size of FMP glass network. If Ob/Yb has a large value, the glass network is too
small to prevent the growth of crystal and obtain a complete vitreous body, resulting
in the inferior of citric solubility, whereas the glass network has a small Ob/Yb value,
whichwill stabilize the glass structure and hinder the dissolution of nutrient elements.
Therefore, it is of crucial importance to produce FMP to control the burdening range
within a suitable Ob/Yb range.

FMP prepared with low-grade phosphate rock contains essential elements (P2O5,
MgO, CaO, SiO2, K2O, FeO, MnO, etc.) for plant growth, which can effectively
alleviate soil acidification, nutrient deficiency, and imbalance of trace elements in
crops. Meanwhile, the direct utilization of low-grade phosphate rock can avoid the
high cost and phosphorus loss caused by beneficiation, as well as environmental risks
caused by tailings [8]. In this paper, the efficient burdening and preparation process of
FMP from low-grade phosphate orewere studied, aiming tofind an appropriateOb/Yb

value. The influence of melting temperature and time on the effective conversion of
various nutrient elements in phosphate ore under this Ob/Yb was studied, which can
provide support for preparing multifunctional FMP from low-grade phosphate ore
resources.

Experimental

Raw Materials

Phosphate ore and dolomite used in the experiment were taken fromGuizhou, China.
Raw materials were dried at 120 °C for 3 h, and then ground to 100% passing
0.125 mm standard sieve. Their chemical compositions are presented in Table 1.
From the main chemical compositions in Table 1, the sample was characterized
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Table 1 Chemical compositions of the phosphate ore and dolomite (mass fraction, wt%)

Composition P2O5 CaO MgO SiO2 Fe2O3 Al2O3

Phosphate ore 18.10 27.47 2.21 35.72 1.71 2.91

Dolomite – 29.01 17.00 – – 1.16

Fig. 1 XRD patterns of phosphate ore

by a low-grade phosphorus ore with P2O5 grade of 18.10%. XRD patterns of the
phosphate ore shown in Fig. 1 which reveals that phosphate ore mainly consists of
fluorapatite, quartz, and dolomite.

Characterization

Based on the theory of Ob/Yb prepared by fertilizer [9], four formulations of Ob/Yb

values were designed, respectively, and the batching schemes were shown in Table
2. In terms of characteristic fusion temperatures, the phosphate ore and dolomite
with various Ob/Yb values were tested to determine the suitable temperatures for the
melting process. The mixtures were placed in a mold into pyramids with a bottom
side length of 8 mm and a vertical height of 18 mm. The pyramids were then roasted
in a microcomputer grey melting point tester with a heating rate of 5 °C/min in
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Table 2 Design of raw material compositions under different Ob/Yb values

Ob/Yb Raw material compositions (mass fraction, wt%)

P2O5 CaO MgO SiO2 Fe2O3 Al2O3

2.89 15.58 35.60 8.66 31.38 0.68 2.91

2.97 15.09 36.20 9.40 30.38 0.65 2.99

3.03 14.69 36.68 9.99 29.58 0.64 2.97

3.06 14.43 36.98 10.37 29.06 0.63 2.95

an air atmosphere. The characteristic temperatures were identified according to: (1)
deformation temperature (TD), determined by the temperature at which the tip of the
pyramid becomes spherical or curved; (2) sphere temperature (TS), determined by
the temperature at which the whole pyramid deforms to be hemispheric; and (3) flow
temperature (TF), determined by the temperature at which the pyramid melts until
the vertical height is less than 1.5 mm [10, 11].

Melting Process

Before oxidation melting experiments, the raw materials consisted of phosphate ore
and dolomite with various Ob/Yb values were evenly mixed, and then the mixtures
were put into a cylindrical heat-resistant graphite crucible with a diameter of 80 mm
and height of 80 mm. The graphite crucible was loaded into the high-temperature
industrial electric furnace and isothermally melted in the air atmosphere at given
temperatures and time periods. After that, melted products were quenched into the
cool water to obtain glassy fragments. These fragments were dried and ground into
pulverous samples for further characterization and analysis.

Determination of the Activities of Nutrients

In order to determine the effect of different Ob/Yb values, melting temperature and
time on the effective conversion of nutrients in the molten pulverous sample were
measured with reference to the Chinese standard (GB/T 201,412-2006), and the total
content of various nutrients was measured according to the Chinese standards(GB/T
1871.1-1995, GB/T 1871.4-1995, GB/T 1871.5-1995, and GB/T 1873-1995). The
effective conversion of the nutrients was calculated using Eq. (1):

η = c

T
× 100% (1)
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where η is the effective conversion of the nutrients, %; C and T are the content of
effective nutrient and total nutrient, respectively, %.

Results and Discussion

Effect of Various Ob/Yb Values

Generally, the operation temperature of FMP is tentatively set at TF + 150 °C in
order to discharge products smoothly during the industrial production process [12].
The characteristic fusion temperatures of mixtures under different Ob/Yb values are
measured, as shown in Fig. 2. It can be seen that the TD and TS first decrease and
then increase, and the temperature changes slightly. The TF first decreases and then
tends to be stable with the gradual increase of Ob/Yb.

As a macronutrient contained in FMP, phosphorus is very important for plant
growth. The effective conversion of P2O5 is used as the evaluation index. In this
paper, the influence of various Ob/Yb values on the effective conversion of P2O5 is
studied at TF + 150 °C for 3, 5, and 10 min. It can be seen from Fig. 3 that the
effective conversion of P2O5 is generally lower at about 50% under the reaction time
of 3, 5 min. When the reaction time is 10 min, the effective conversion of P2O5

decreases slowly and then increases with the increase of Ob/Yb, and the conversion
rate reaches 94.87% at Ob/Yb of 3.06. Hence, the suitable Ob/Yb is in the range of

Fig. 2 Effect of various Ob/Yb values on characteristic fusion temperatures of materials
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Fig. 3 Effect of various Ob/Yb values on the effective conversion of P2O5

2.87–3.07. It is favorable to form a suitable size glass network, which can not only
prevent the growth of crystal and the precipitation of Ca5F[PO4]3 crystal but also
can facilitate the dissolution of nutrient element [PO4]3− and improve the effective
conversion of nutrient elements.

Effect of Temperature

The kinetic energy of the thermal movement of molecules in phosphate ore increases
and the material changes from crystal phase to amorphous phase when the temper-
ature rises. Therefore, the melting of phosphate ore is a strong endothermic
process, the change of temperature has a significant effect on the melting of phos-
phate ore [13]. The effect of temperature on effective conversion of P2O5, SiO2, CaO,
andMgO is investigated when the Ob/Yb is 3.06 and the reaction time is 10 min. The
results are shown in Fig. 4.

Figure 4a, b displays that the effective conversion rates of P2O5 and SiO2 are
10.62% and 13.49%, respectively, at a sintering temperature (TD-100 °C) of 1160 °C.
As the temperature increases, the elements of phosphorus and silicon are continuously
activated, and the effective conversion increases accordingly. Within the temperature
scope of TF (1300 °C) − TF + 150 °C (1450 °C), the effective conversion rates of
P2O5 and SiO2 increase rapidly from 31.08% and 50.78% to 94.87% and 92.46%,
increasing by 63.79% and 41.68%, respectively.
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Fig. 4 Effect of temperature on effective conversion of nutrient elements a P2O5; b SiO2; c CaO;
d MgO

As can be viewed in Fig. 4c, d, the effective conversion of CaO andMgO increases
rapidly with the temperature from TD-100 °C to TF, and the effective conversion of
CaO and MgO is above 80% at TF. After that, with the increase of temperature,
the increase of effective conversion of CaO and MgO begins to slow down, and the
effective conversion reaches 91.68% and 93.69%, respectively, at TF + 150 °C. Thus,
this shows that temperature has a remarkable effect on the effective conversion of
nutrient elements. According toOb/Yb theory, the higher themelting temperature, the
more fluorapatite in the mineral can dissociate into dispersed ions during the melting
of minerals. Due to adding a certain amount of dolomite, the dispersed ions combine
with Ca2+ and Mg2+ to form a distorted chain network, which can disperse F-Ca-
PO4 crystals and block them from growing up inside the network. Consequently, it
is recommended to choose TF + 150 °C as the suitable melting temperature.

Effect of Time

Figure 5 shows the influence of time on the effective conversion effect of nutrient
elements under the condition of Ob/Yb of 3.06. Figure 5a illustrates the time has a
significant effect on the effective conversion of P2O5, and the effective conversion
rate is relatively lower with an effective conversion of 58.10% at 3 min. When the
time ranges from 3 to 10 min, the effective conversion increases rapidly and reaches
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Fig. 5 Effect of time on effective conversion of nutrient elements a P2O5; b SiO2; c CaO; dMgO

the highest value of 94.87% at 10 min. However, the effective conversion of P2O5

decreases slightly to 90.59% with the extension of time to 20 min, which reduces by
4.28% compared with the maximum. This may be since more and more dispersed
ions are dissociated from fluorapatite in phosphate ore, and the reaction is sufficient
for the well-contact between materials with the increase of time in the initial stage
of the reaction. However, a long reaction time would result in partial phosphorus
volatilization according to Formulas (2)–(3). As seen from Fig. 5b–d, the smelting
time has no obvious effect on the effective conversion of SiO2, CaO, and MgO, in
which all the effective conversion of nutrient elements are about 90%. Eventually,
10 min is recommended as the melting time.

Ca3(PO4)2 + 5C = 3CaO+ P2(g) + 5CO(g) (2)

2Ca3(PO4)2 + 6SiO2 + 10C = 6CaSiO3 + P4(g) + 10CO (3)



Study on Efficient Burdening for Preparation … 99

Fig. 6 XRD patterns of the FMP obtained at different temperatures after water quenching

Phase Analysis

Figure 6 reveals the XRD patterns of FMP obtained at different melting temperatures
for 10 min with Ob/Yb of 3.06 after water quenching. It can be seen that the main
phases are fluorapatite, quartz, and forsterite. In this case, the phosphate rock is not
fully melted, while only part of the fluorapatite is dissociated, and the phase changes
under the condition of the low temperature of 1160 °C. Moreover, the characteristic
peaks of fluorapatite and quartz gradually weaken, and the crystal form gradually
disappears. Some new substances are constantly formed with the increase in temper-
ature. However, the water-quenched FMP still shows characteristic peaks of different
crystals and fails to show the glassy structure in the range of 1160–1400 °C. As the
temperature increases to 1450 °C, there is no obviously sharp characteristic diffrac-
tion peak in the XRD pattern, and it basically shows wide range and slowly changing
diffraction peaks, indicating that the FMP prepared at this temperature is in a glassy
state, and it is beneficial to the release of nutrient elements.

Conclusions

In this paper, an efficient batching for the preparation of FMP from low-grade phos-
phate ore and dolomite was studied. The influence of melting temperature and time
on the effective conversion of nutrient elements in phosphate ore was explored, and
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the process conditions were optimized to find out suitable conditions. The results
indicated that a higher Ob/Yb burden was more likely to form a suitable size glass
network. The melting temperature and time have a significant influence on the effec-
tive conversion of nutrient elements. The effective conversion of nutrients increased
with the increase of temperature since the higher melting temperature, the more fluo-
rapatite in the mineral can dissociate into dispersed ions, according to Ob/Yb theory.
After melting at 1450 °C for 10 min with Ob/Yb of 3.06, 94.87% P2O5, 91.68%
CaO, 93.69% MgO, and 92.46% SiO2 are activated in the alkaline FMP, which can
be readily absorbed by the crop root system.
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Characterization of Nano-crystalline
Metallurgical-Grade Silicon Prepared
from Rice Husk Ash
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Abstract Rice husk (RH), an agricultural waste product, contains a large propor-
tion of silicate minerals, making it a potential source of low-cost metallurgical-grade
silicon (MG-Si) suitable as a solar-grade silicon material. Processing rice husk ash
into MG-Si requires careful control of temperature and time during the initial ash-
making procedure and subsequent refinement to remove impurities. In this work,
silica of between 95.24 and 98.03% has been prepared from RHA (ash made at 700,
800, 900, and 1000 °C for 6 h). Furthermore, the silica value was boosted by use of
hydrometallurgical purification process. The improved purification processes yielded
between 99.18 and 99.51% of silica. The metallic trace impurities were significantly
reduced beyond detection of the X-ray Fluorescence (XRF) after the final processing
step. Metallothermic reduction of pulverized Mg and SiO2 mixture at ratio 1:1 g
was post hydrometallurgical purified to further eliminate all soluble impurity. XRF
showed silicon powder with purity >98% and the X-ray Diffraction (XRD) showed
that Rice Husk Ash (RHA) transformation from amorphous to crystalline material
depends on temperature and time. Transmission EmissionMicroscopy (TEM) inves-
tigation shows that derived silicon consists of agglomerate polycrystalline materials
with grain sizes of 20–67.08 nm.
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Introduction

MG-Si is a semi-conductor, which has a wide range of industrial applications which
include the production of electronic-grade silicon used in the production of solar cells.
It is the least category within the quality ranges of different silicon products [1]. MG-
Si with a purity of 98% was prepared by carbothermal reduction of quartz (SiO2) in
electric-arc furnace at high temperature of about 1900 °C [2]. For economic purpose,
rice husk known to have a high ash (silica) content at low temperature is used as alter-
native starting material for silicon [3]. Globally, approximately 706.2 million tonnes
of rice paddy were produced in 2012, with Nigeria producing 4.2 million tonnes [4].
Rice husk (RH), an agricultural waste, constitutes between 14 and 27% of the rice
paddy [5]. The major constituents of RH are cellulose, hemicellulose, lignin, and ash
[6]. On the average, 20% of rice husk ash (RHA) is produced from combusted RH
yielding 80–95%useful silica content [7].Meaning, that Nigeria alone could produce
as much as 170,000 tonnes of silica per year from its rice production. Silica domi-
nates RHAwith other trace amount of oxides [8]. The nature of this silica depends on
its burning temperature and time; by carefully controlling the combustion of the RH,
a reactive silica can be achieved [9]. The presence of amorphous silica, crystalline
silica, or both in RHA depends on the temperature of heating used. Previous work
has shown that RHA obtained at about 1000 °C contains certain amount of tridymite
and christobalite [10–12]. International Agency for Research on Cancer (IARC),
a part of World Health Organization (WHO), strongly points that crystalline silica
particles belong to group 1 that has carcinogenic risk to humans [12]. RHA with its
high proportion of silica and a relatively low proportion and narrow range of metallic
impurities could be an attractive renewable source of raw material for high-purity
silicon production [13]. Quartzite rocks used as a source material for conventional
carbothermic metallurgical-grade silicon yield smaller proportion of silica and many
more impurity elements [13]. Therefore, effort has considerably been put to opti-
mize the production of silicon from RHA [14–17]. RHA is a highly porous and
fibrous material with high surface area and a microstructure of a honeycomb as
indicated by Scanning Electron Microscopy (SEM) images, and these properties
makes the removal of impurities through leaching easier [18]. The primary objective
of this study is to produce a nano-crystalline metallurgical-grade silicon material
from high-level purity silica feasibly acceptable as a starting material for solar-grade
silicon.

Materials and Method

Rice husk, a by-product of rice paddy collected from Nasarawa Local Government
Area inNasarawa state ofNigeria, was used as source of rawmaterials for preparation
of rice husk silica. Raw rice husk (RRH) is a RH as obtained from a rice milling
industry dumping site, which, as such, contains some very small particles of rice and
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dirt from the rice husk dumping site. Figure 1a shows the representation of RRH
thoroughly washed with distilled water and sun dried at above 30 °C for 12 h. 30 g
sun-dried RRH were placed in four different crucibles and introduced into a furnace
for pyrolysis treatment at 700, 800, 900, and 1000 °C for 6 h as shown in Fig. 1b.
The obtained annealed RHA samples in Fig. 1c were analyzed with XRF, XRD,
SEM, TGA (thermal gravimetric analysis), andAttenuated Total Reflectance-Fourier
Transform Infrared (ATR-FTIR) spectroscopy.

Thoroughly 
washed RRH 

(1a)

RHA Digestion 
treatment with dilute 

HCl (1e)

MG-Si after 
Metallothermic reduction 
and Hydrometallurgical 

treatment (1g)

RHA after  
Hydrometallurgical 

treatment (1f)

Whitish RHA 
(1c)

RRH Roasting
(1b)

Alkali leaching of  RHA 
with deionized water (1d)

Fig. 1 The appearances and processes from Raw Rice Husk (RRH) to RHA (silica) to MG-Si.
a RRH thoroughly washed with deionized water. b Thoroughly washed RRH roasting at different
temperatures for 6 h. cWhitishRHAderived from roasting.dAlkali leaching ofRHAwith deionized
water. eRHA treatmentwith hot dilutedHCl. f High purity RHAafter hydrometallurgical treatment.
g Derived MG-Si after metallothermic reduction and hydrometallurgical treatment
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Preparation of High-Purity Silica (RHA)

Rice husk ash samples containing chemical compositions were subjected to upgrada-
tion/purification by carrying out induced oxidation of RHAcarbon toCO2 to improve
the silica content. 15 g of eachRHAwere added to 0.8 cm3 of 16MHNO3, and heated
in an electric furnace at 700 °C for 1 h. The coarse particles of all RHA specimens
were seen to have pulverized, and particle sizes reduced on cooling to room temper-
ature. 13 g of each oxidant-treated RHA were boiled in 500 ml deionized water for
1 h so as to leach out the sodium and potassium impurities that are soluble in boiling
water as shown in Fig. 1d. The residues were dried at 100 °C in an oven till constant
weights were obtained. Exactly 11 g of RHA specimens from alkali leach RHAwere
digested in 500 ml of 5M hydrochloric acid on hot plate for 120 min at 95 °C, giving
constant agitation of 300 rpm by magnetic stirrer. The solution was then left to cool
to room temperature as shown in Fig. 1e. The residues of digested samples were
filtered using Whitman paper and then dried in an oven for 1 h at 110 °C. 9.5 g of
each sample was added to conical flask containing 1000 ml deionized water with
magnetic stirrer for continuous stir at 300 rpm. The flasks were transferred to hot
plates to heat up for 1 h at 85 °C before dropping to cool down for 12 h. The acidic
solution was decanted carefully with the solution temperature and pH reading taken.
The process was repeated this time for 2 h settling time before decanting of solution
after dropping from the hot plate until acidic solution was observed to have a pH =
7.0–7.4 before final filtering and oven drying. The obtained samples shown in Fig. 1f
were analyzed by XRD, SEM, and XRF.

Production of Silicon

The treated RHA samples derived after various solid–liquid extraction were pulver-
ized and thoroughly mixed with magnesium powder in a mortal at a ratio of RHA:
Mg (1.0 g: 1.0 g) to form magnesium and silica mixture. 4.0 g of each sample were
transferred from the mortal to alumina crucibles for heating in an electric furnace
with controlled atmosphere at 800 °C for 5 h. By heating the mixture, the magnesium
reduces the silica to elemental metallurgical-grade silicon.

SiO2 + 2Mg → Si + 2MgO (1)

The reduced samples were treated with an oxidant (HNO3), digested in dilute
HCl, and digested solution neutralized to a pH of about 7.0 with enough deionize
water. The solution was finally filtered and oven dried; the products in Fig. 1g were
obtained and analyzed by XRD, XRF, SEM, TEM, and Raman spectroscopy.
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Results and Discussion

In order to obtain high-purity RHA (silica), thoroughly washed raw rice husk (RRH)
has to undergo pyrolysis and various hydrometallurgical processes as shown in Fig. 1.
Samples of rice husk (both as-produced and ground) underwent thermogravimetric
(TG) analysis using a TGA/DSC1 Gas Controller GC100 Mettler Teledo at heating
rate of 10 °C/min. Two starting states were used to investigate the effect of initial
particle size on the ash-making process. In all samples, volatile organic substances
(cellulose, hemicellulose, and lignin) contained in the RH started to be driven off at
40 °C; the process was completed at 117 °C, as shown in Fig. 2. It was seen that
4.60%and 4.98% (0.50mg and 0.66mg) of the substance lost in the process for “raw”
rice husk and ground rice husk, respectively. Carbonization occurs between 117 and
300 °C to yield black rice husk ash with very little loss in mass. Decarbonization
occurs rapidly between 300 and 500 °C with very high percentage weight lost up to
63% (7.06 mg) and 56% (7.47 mg) for “raw” RH and ground RH, respectively.

These results show that a greater proportion of carbon and volatile organic
substances are removed from the “raw rice husk. It is postulated that this impact
is due to the release of some volatile organic compounds as a result of increase in
exposed surface from grinding. The settling of the finer particles may also reduce
the penetration of oxygen to some of the sample resulting in incomplete combus-
tion. The final product mainly contains silica [19]. The secondary electron images
obtained using FEI Nova Nano SEM 200 reveal in Fig. 3 some selected forms and
microstructures of RHA independent of temperature and time. It was observed from
Fig. 3a that undamaged RH after ash-making between 700 and 1000 °C possesses
a finger-like shape made up of inner honeycombed structure as shown in Fig. 3b
and a thick outer surface skin-like well-organized corrugated structure in nature as
shown in the micrographs of Fig. 3c surface morphology. These observations are in
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Fig. 2 Thermogravimetric analysis offset curves of raw rice husk (RRH) and ground rice husk
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Fig. 3 Typical micrograph of 900 °C for 5 h a RHA undamaged finger-like structure, b porous,
honeycomb-like structure, c well-organized outer corrugated structure, d the structure with many
residual pores of large internal surface area

agreement with those made by Ikram and Akhter [20]. The porosity shown in Fig. 3d
with honeycombed structure of the RHA is responsible for its high specific surface
area; the increased reactivity that is a consequence of the high specific surface area
reduces the time needed for leaching process to be effective and highly suitable for
hydrometallurgical purification.

Samples of rice husk and rice husk ash underwent attenuated total reflection
Fourier transform infrared (ATR-FTIR) analysis using a single reflection diamond
ATR cell (Graseby Specac, UK), which has the trade name “Golden gate”. Samples
of RH and RHA were pressed on top of the diamond ATR crystal and their spectra
were collected. To collect and analyse the spectra, OMNIC software (version 7.3)
was used. Figure 4 shows the resulting ATR spectra for the samples of raw RH
(lowest peak and intensity) and the ash silica heated at 700, 800, 9000, and 1000 °C
(in order to see the differences, spectra were offset).
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As can be seen, there are strong absorption peaks at ∼789 and 1040 cm−1, just as
those from commercial-grade silica, indicating the presence of silica which slightly
varied from that of the rice husk with 789 and 1030 cm−1. For the various heating
rates, the ATR spectrum shows no significant changes in the peak position. However,
the intensity of the peaks for 700 and 800 °C (amorphous silica) just above the
RH was higher and almost of same intensity compared to that of crystalline silica
(900 °C), indicating that the amorphous silica yield decreasedwith increasing heating
rate above 800 °C. The intensity later increased with increased heating to 1000 °C
(highest peak) which is consistent with the results of reaction characteristic anal-
ysis, as indicated by some XRD diffractogram. This inferred that the sample is
almost entirely crystalline in nature. Figure 5 shows the diffractograph of the puri-
fied silicon derived compared to a standard silicon. The XRD pattern showed the
typical phases identified in the MG-Si derived from metallothermic process of rice
husk silica reducedwithmagnesiumpowder and some by-products other than silicon.
The reaction products observed apart from silicon are magnesium silicide (Mg2Si)
and spinel (MgAl2O4). These by-products irrespective of their amounts presented in
the phases of diffractogram spectra have detrimental effect on silicon yield. Grinding
of RHA before reduction and acid leaching increases the exposed surface of derived
RHA MG-Si. This helps in enhancing material purification.

The micrograph of Fig. 6a shows that the RHA MG-Si is in agglomerate of tiny
flakes up to 0.5 μm in diameter. The ring diffraction from Fig. 6b shows that the
RHA MG-Si consists of fine polycrystalline material with no obvious texture.
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Fig. 6 a Bright-field TEM micrograph of a particle of RHA-derived silicon. b Ring diffraction
pattern obtained from selected area of particles of RHA-derived silicon
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Table 1 Crystallite size of
MG-Si derived from RH
roasted at different
temperatures

S/N Temp (°C) Crystallite size (nm) (hkl)

1 700 54.46 (111)

2 800 54.49 (111)

3 900 61.32 (111)

4 1000 50.29 (111)

Some of the crystallites within the RHAMG-Si are as small as 20 nm in diameter,
which is in agreement with the calculated results in Table 1 showing obtained nano-
particle sizes of the derived MG-Si by evaluation of their XRD parameters using
Scherrer’s equation [21]

D = 0.9λ

βcosθ
(2)

where D is the crystallite size; λ is the standard X-ray wavelength of Cu Kα line;
and β is the broadening of diffraction line measured at half of its maximum intensity
(rad). Meaning conversion of Full Width at Half Maximum (FWHM) to radian.

Figure 7 shows a set of representativeRaman spectra rununder sameconditions for
all samples of silicon produced under different temperatures. The Raman instrument
used is Thermo Scientific, DXR2 RamanMicroscope, USA product. It was observed
that 700 and 800 silicon powder shift farther away from the frequency of single crystal
silicon value 520 cm−1 toward amorphous silicon of lower frequency value 480 cm−1

and become more broaden than the crystalline silicon. The line that passes through
700 and 800 of the spectra peak occurs at frequency value 505 cm−1 indicating 900
and 1000 with frequency value 513.5 are more crystalline in nature than the latter.
The downshift of frequency and spectral broadening are indicative of small crystallite
size smaller than ~300 Å. These observations are in agreement with those made by
Campbell and Fauchet [22] and Iqbal et al. [23].

Conclusion

The results from characterization of annealed and treated RHA, show that over 99%
clean RHA silica were derived via leaching purification process. The results of
derived RHA silica reduced with magnesium and further purified confirmed that
a nano-polycrystalline silicon of above 98% purity containing agglomerate of tiny
flakes up to 0.5 μm and crystallites as small as 20 nm in diameter can be produced
from an agricultural by-product via an inexpensive process. The nano-crystalline
sizes were further determined using Scherer’s formula on obtained MG-Si XRD
plots, the evaluation confirmed the nano-crystalline nature of derived silicon. Results
of Raman revealed that the crystalline nature of the material depends on temperature
and time. This observation is in agreement with that made by Chopra et al. [24].
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Separation of Nickel and Cobalt
from Nickel and Cobalt Solution
by Cyanex272

Ganggang Yan, Zibiao Wang, Dinghao Le, Xijun Zhang, Xintao Sun,
and Dalin Chen

Abstract The physical chemistry of nickel and cobalt is similar. In this paper,
Cyanex272 was employed to extraction and separation of nickel and cobalt. Acetic
acid solution was used to reverse extract cobalt from the organic phase, and the
cobalt acetate obtained was used as the cobalt source for the preparation of graphene
@Co3O4 absorbing material. The optimal extraction conditions for maximizing the
extraction of cobalt and minimizing the extraction of nickel were researched as
follows: extraction ratio (O/A) 1:1, initial pH 5.5, reaction temperature 25 °C, and
reaction time 10 min. Under the above conditions, the extraction ratio of single stage
cobalt can reach about 96%. The three-stage extraction ratio of cobalt can reach
more than 99%, according to the equilibrium diagram of cobalt extraction. Cobalt
in organic phase can be easily extracted by acetic acid, and the extraction rate can
reach more than 99%. The cobalt acetate obtained by reverse extraction can be used
to prepare graphene @Co3O4, which can improve the comprehensive utilization of
cobalt.

Keywords Nickel–cobalt · Extraction separation · Cyanex272 · Acetic acid

Introduction

Cobalt is often associated with nickel sulfide ore because of the very similar physical
and chemical properties of nickel and cobalt. It is very important to separate and
recover cobalt from nickel smelting since cobalt resources are scarce. At present,
the separation methods of nickel and cobalt are mainly listed as follows: chemical
precipitation method, ion exchange method, membrane separation method, solvent
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extraction method, etc. [1–7]. Solvent extraction technology has become the main
method for cobalt–nickel separation due to its advantages of high selectivity, high
direct yield, simple process, continuous operation, and easy automation [8].

At present, P507 and Cyanex272 are commonly used extractants for separating
cobalt and nickel in industry [9]. P507 is a non-volatile colorless transparent oily
liquid. Its chemical name is 2-ethylhexylphosphonic acid mono(2-ethylhexyl) ester,
and its molecular formula is (C8H17) 2OPOOH. The order of extraction capacity for
differentmetals in the sulfate system is as follows: Fe3+ >Zn2+ >Cu2+ ≈Mn2+ ≈Ca2+

> Co2+ > Mg2+ > Ni2+. The equilibrium pH values of Ni and Co are so different that
they can be separated. However, calcium,manganese, and aluminum can be extracted
together during the separation of nickel and cobalt [10]. Cyanex272 is a yellow or
colorless oily liquid. Its chemical name is bis(2,4,4-trimethyl) pentyl phosphoric
acid, and its molecular formula is (C8H17)2POOH. The separation effect of nickel
and cobalt in the solution with HCl is better than that with H2SO4. Cyanex272 is
highly selective for nickel and cobalt. Calcium, manganese, and other elements will
not be extracted in the nickel–cobalt extraction process [11, 12].

In recent years, many studies have shown that cobalt still has good hysteresis
after magnetization, which can be used in the preparation of absorbing materials [13,
14]. Sun et al. [15] have developed a heterostructure material of cobalt sulfide with
strong absorption, wide frequency band, thin thickness, and low density. Wang et al.
[16] have doped cobalt acetate into graphene through ultrasonic synthesis. It is found
that the electrical properties of the composite material were greatly improved. Chen
[17] has loaded cobalt on the surface of graphene. It is proved that cobalt does exist
on graphene through XRD, Raman, and other detection methods. It is found that
compared with graphene with other metal elements, graphene with cobalt composite
had better electromagnetic properties.

In this paper, Cyanex272 is used to extract the nickel and cobalt solution from
a smelter in China. The pH, phase ratio, reaction time, and reaction temperature of
the solution were researched for the optimum extraction conditions. Cobalt acetate
is obtained by back extraction of cobalt with acetic acid.

Experimental

Materials and Instruments

The nickel–cobalt solution came from some kind of nickel–cobalt solution of a nickel
plant in Jinchang, China. The concentrations of Ni2+ and Co2+ were 9.6 g/L and
2.6 g/L, respectively. Cyanex272 and sulfonated kerosene usedwere industrial grade.
Other reagents included glacial acetic acid, sodiumhydroxide, and hydrochloric acid.

The main instruments included pH meter, water bath thermostatic oscillator,
thermostatic magnetic stirrer, dispensing funnel, ICP-OES, etc.
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Methods

According to the concentration fraction of 10%, a certain volume of Cyanex272
extractant was evenly mixed with sulfonated kerosene to obtain Cyanex272 organic
phase. Cyanex272 organic phase was saponified by adding NaOH solution according
to 45–60% saponification ratio. The saponified Cyanex272 and P204 raffinate are
added to the separating funnel, and then placed in a shaking table for shaking extrac-
tion for a period of time. After standing, the layered organic phase and aqueous
phase were poured out from the upper mouth and discharged from the lower mouth,
respectively. The discharged raffinate was filtered and detected by ICP to detect the
ion concentration of cobalt and nickel. The prepared glacial acetic acid solution
and the extracted organic phase were added to the separation funnel. The separating
funnel was put into the shaking table to vibrate and react for a certain time and then
stand. After the organic phase and aqueous phase were layered, the raffinate was
filtered and detected by ICP.

The extraction ratio was calculated according to the concentration test results of
ICP. The calculation formula of extraction rate was shown in Formula (1):

E = C0V0

(CwVw + C0C0)
× 100% (1)

where C0 is the target element concentration in the organic phase, CW is the target
element concentration in the aqueous phase, V 0 is the volume of organic phase, and
VW is the volume of aqueous phase.

Results and Discussion

Effect of Extraction Phase Ratio (O/A) on Extraction Rate
of Nickel and Cobalt

The effect of extraction phase ratio (O/A) from 3:1 to 5:1 on extraction rate was
studied. The results are shown in Fig. 1. It can be seen that the extraction rate of nickel
and cobalt by Cyanex272 increases significantly with the increase of extraction phase
ratio. The extraction rate of cobalt increased from 28.38 to 100% and that of nickel
increased from0 to15.36%.When the extractionphase ratio is lower than1:1, cobalt’s
extraction rate begins to decrease significantly. But the extraction rate of nickel also
decreases to 0 when the extraction phase ratio is lower than 1:1. Cyanex272 exists as
dimer under acidic conditions and monomer after saponification. Cyanex272 (HA)
in the organic phase existed in the form ofmonomer and dimer at the same timewhen
the saponification rate of Cyanex272 was 45–60%. The reaction of Cyanex272 with
nickel and cobalt is shown in Formula (2)–(5). HA and A− increase in the reaction
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Fig. 1 Effect of extraction phase ratio (O/A) on extraction rate of nickel and cobalt. Reaction
conditions: reaction temperature 25 °C, reaction time 15 min, initial pH 5.5

process with the extraction ratio increasing. It can be seen from Formula (2)–(5) that
the reaction proceeds in the forward direction and the extraction rate will increase.

Ni2+(a) + A−
(o) + 2(HA)2(o) � NiA2 · 3HA(o) + H+

(o) (2)

2Ni2+(a) + 2A−
(o) + (HA)2(o) � 2NiA2 + 2H+

(o) (3)

Co2+(a) + A−
(o) + 2(HA)2(o) � CoA2 · 3HA(o) + H+

(o) (4)

2Co2+(a) + 2A−
(o) + (HA)2(o) � 2CoA2 + 2H+

(o) (5)

D = C0

Cw

(6)

β = DA

DB
(7)

In order to control the effective separation of nickel and cobalt, their separation
coefficient is calculated according to Formula (7). It is found that the maximum
separation coefficient of nickel and cobalt is 1.2 × 104 at the extraction ratio of 1:1.
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Under this extraction ratio, the more extraction amount of cobalt, the less extraction
amount of nickel. It realizes the effective separation of nickel and cobalt. Therefore,
the best extraction phase ratio is regarded as 1:1.

Effect of Initial pH of Nickel and Cobalt Solution
on Extraction Rate of Nickel and Cobalt

Figure 2 shows the effect of initial pH of nickel and cobalt solution on nickel and
cobalt extraction rate. It can be seen that the extraction rate of cobalt increases from
93.5% to more than 96% with the increase of the initial pH value of nickel and
cobalt solution. The extraction rate of nickel also increases from 0 to about 0.3%.
The extraction rate of nickel increases less. It can be seen from Formula (2)–(5) that
the H+ concentration decreases in the reaction process with initial pH increasing. It
is conducive to the positive progress of the reaction. The extraction rate of nickel
and cobalt increases with the increase of pH of nickel and cobalt solution. When the
extraction pH is less than 6, the extraction rate of Cyanex272 for nickel is low. The
change of pH has little effect on the extraction rate of nickel. When the pH of nickel
and cobalt solution is 5–6, the extraction rate of nickel is low but that of cobalt is
high (about 96%). The pH value of the nickel and cobalt solution provided is about

Fig. 2 Effect of initial pH of nickel and cobalt solution on extraction rate of nickel and cobalt.
Reaction conditions: reaction temperature 25 °C, reaction time 15 min, extraction phase ratio 1:1
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5.5. The pH value is also the optimal pH range. Therefore, the optimal initial pH
condition for extraction is 5.5, shortening the experimental process and avoiding to
adjust the pH of the solution.

Effect of Reaction Time on Extraction Rate of Nickel
and Cobalt

Figure 3 gives the effect of reaction time on the extraction rate of nickel and cobalt
under the conditions of 1, 5, 10, 15, and 20 min. It can be seen that the extraction
rate of cobalt increases with the increase of reaction time. The extraction rate of
nickel hardly changes. The extraction reaction speed of cobalt is very fast. When the
reaction time is 1 min, the extraction rate of cobalt can reach about 73%. When the
reaction time is 5 min, the extraction reaction is basically completed. In the whole
extraction process, the extraction rate of nickel is low (about 0.2%). Considering the
separation of nickel and cobalt, only the reaction time with high cobalt extraction
rate needs to be selected. When the reaction time is from 10 to 20 min, the extraction
rate of cobalt changes little. In order to save time and energy, the optimal extraction
reaction time is considered as10 min.

Fig. 3 Effect of reaction time on extraction rate of nickel and cobalt. Reaction conditions: reaction
temperature 25 °C, initial pH 5.5, extraction phase ratio 1:1
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Fig. 4 Effect of reaction temperature on extraction rate of nickel and cobalt. Reaction conditions:
reaction time 10 min, initial pH 5.5, extraction phase ratio 1:1

Effect of Reaction Temperature on Extraction Rate of Nickel
and Cobalt

Figure 4 indicates the effect of reaction temperature on the extraction rate of nickel
and cobalt. It can be seen that the extraction rate of cobalt decreases to 89.69%
at 65 °C with the increase of reaction temperature. The extraction rate of nickel is
almost unaffected by temperature. The extraction rate has been stable at about 0.2%.
According to the above data and production practice, the best extraction separation
effect can be achieved by controlling the extraction temperature to 25 °C. Therefore,
the best extraction temperature for nickel–cobalt separation and extraction is 25 °C.

Extraction Equilibrium Isotherm of Cobalt

The isothermal diagram of extraction equilibrium of cobalt is shown in Fig. 5. The
McCable-Thiele diagram and operation line are drawn on the phase ratio (O/A) of
1:1.2 according to the extraction equilibrium drawing method and the principle of
countercurrent extraction. It can be seen from the operation line in Fig. 5 that the
cobalt ion concentration in the aqueous phase can be reduced to 0.03 g/L through
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Fig. 5 Extraction equilibrium isotherm of Cyanex272 for cobalt extraction

theoretical two-stage extraction. The extraction rate of cobalt can reach more than
98.85% according to Formula 1. Under the experimental conditions, the extraction
rate of cobalt can reach more than 99% by three-stage extraction. Therefore, three-
stage extraction should be selected to extract and separate nickel and cobalt.

Acetic Acid Stripping of Negative Cobalt Organic Phase

The Cyanex272 containing cobalt 2.6 g/L and nickel 0.02 g/L was extracted by
glacial acetic acid. The reverse extraction conditions are as follows: reaction time
10 min, stripping ratio 1:1, stripping temperature 25 °C, and stripping agent acetic
acid concentration 2mol/L. The results show that the stripping rate of cobalt can reach
more than 99%. The organic phase changes from blue black to orange yellow while
the aqueous phase also changes to pink. The results of the validation experiment are
shown in Table 1. It can be seen from Table 1 that nickel and cobalt in the supported
organic phase can be nearly 100% stripping by acetic acid. The effect of nickel can be
ignored after dilution of cobalt acetate solution in subsequent material preparation.
It can achieve the requirements of preparing high-quality cobalt acetate.
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Table 1 Nickel and cobalt content in acetic acid solution

Unit (mg/L) 1 2 3 4 5 6 7 8 9 10

Co 2596 2597 2598 2597 2596 2598 2599 2600 2592 2598

Ni 19.23 19.43 19.12 18.86 18.95 18.88 20.02 20.03 18.96 19.43

Conclusion

The nickel and cobalt in P204 raffinate were separated by Cyanex272 and the
organic phase was back extracted by extraction. The conclusions were obtained in
the following:

(1) The optimum extraction conditions of P204 nickel–cobalt raffinate by
Cyanex272 extraction are as follows: the initial pH of P204 raffinate 5.5, the
extraction phase ratio (O/A) 1:1, the extraction time 10 min, and the extraction
temperature 25 °C. Under the above conditions, the extraction rate of cobalt is
more than 96% and that of nickel is only about 0.21%.

(2) The extraction equilibrium isotherm of cobalt was drawn. It is found that when
two-stage extraction is used, the extraction rate of cobalt can reach more than
98.85%. When three-stage extraction is used, the extraction rate of cobalt can
reach more than 99%. Therefore, three-stage countercurrent extraction should
be used in the actual production operation.

(3) The results show that cobalt in the organic phase can be completely stripping.
The extraction rate is close to 100%. The high-quality cobalt acetate is gener-
ated. This provides guidance for the connection between nickel production
system and composite preparation.
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Low-Temperature Preparation
and Mechanism Study of Vanadium
Nitride

Yongjie Liu, Qingqing Hu, Donglai Ma, Yue Wang, and Zhixiong You

Abstract In this study, VN was successfully prepared in an ammonia atmosphere
using V2O5 as a raw material at 600 °C. The gas composition of the reaction process
was analyzed by Factsage 8.0 software. At the same time, based on the first principles
of density functional theory, the adsorption model of NH3 on the V2O5 (001) surface
is established. Through the analysis of the structure changes of the adsorption model
and the size of the adsorption energy, the mechanism of the adsorption reaction of
ammonia andV2O5 was revealed. Through thermodynamic calculations and the first-
principles calculations method of density functional theory (DFT), the microscopic
mechanism of the reaction between ammonia and V2O5 is revealed, which is of great
significance to the determination of process parameters in the actual reaction.

Keywords Vanadium nitride · Ammonia · V2O5 · DFT

Introduction

In recent years, transitionmetal nitrides have received extensive attention due to their
superior chemical and physical properties, such as high toughness, high-temperature
stability, excellent corrosion resistance, extreme hardness, excellent catalytic perfor-
mance, and electrical conductivity [1–3]. Among transition metal nitrides, vanadium
nitride (VN) has attracted much attention due to its excellent physical and chemical
properties [4–6].Thus, it has many applications in the field of structural materials,
electrochemistry, and catalysis [7, 8].

Traditionally, the conventional preparation method of vanadium nitride has high
temperature (above 1000 °C) and long reaction time due to the diffusion rate of solid–
solid reaction related to temperature, such as carbothermal reduction of vanadium
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oxide or direct nitridation of pure metal vanadium [5, 9]. In order to find a method of
low temperature, short time, and low cost, ammonia reduction-nitridation is widely
studied as a low-cost and efficient method for the preparation of vanadium nitride
[10–12]. Mosavati et al. [10] prepared vanadium-based precursor by hydrothermal
method for 24 h, and then synthesized VN nanopowders having an average particle
diameter of 47 nm under NH3 atmosphere at 800 °C. Panda et al. [11] reported that
nano-sized vanadium nitride was prepared by sol–gel synthesis of V2O5 precursor in
the atmosphere of ammonia gas.Qin et al. [12] reported using ultra-fast (within 1min)
solution combustion to synthesize vanadium dioxide (VO2) precursor in an ammonia
atmosphere to prepare nano-vanadium nitride powder. The above studies have shown
that the nanostructure andhigh activity of the nanostructure andhigh activity prepared
by the method of hydrothermal method, sol–gel method, and solution combustion
synthesis method are used to successfully synthesize the VN nano-powder. During
the preparation process of VN, the vanadium-based precursor phase changes to:
V2O5 → VO2 → V2O3 → VN. However, there are few theoretical studies on the
microscopic mechanism of vanadium nitride formation at the surface of vanadium
oxide in ammonia atmosphere.

In this study,VNwas successfully prepared by usingmicron-V2O5 as rawmaterial
in ammonia atmosphere at 600 °C. Through thermodynamic calculation, the variation
of gas and solid in gas–solid reaction process was analyzed by FactSage 8.0. In
order to further analyze the change of the surface microstructure of V2O5 in the
ammonia atmosphere, we use the first-principles calculations method of density
functional theory (DFT) to study the structural change of the surface adsorption of
V2O5 (001), providing a deeper theoretical basis for the further study of the ammonia
reduction-nitridation of V2O5.

Experimental and Computational Methods

Experimental Procedure

The solid powder raw material for preparing vanadium nitride (VN) is vanadium
pentoxide (V2O5, >99.9 wt.%). For preparing vanadium nitride, V2O5 was placed
in an alumina crucible and put into the constant-temperature zone of a horizontal
resistance furnace. Initially, at the heating stage, a flow of Ar gas (99.999%) was
introduced into the furnace tube to get rid of O2 and H2O. The flow rate of Ar
gas was kept at about 300 ml/min. When the furnace was heated to the desired
temperature (400–600 °C) at the rate of 10 °C min−1, the nitridation reaction of the
raw materials was performed in a tube furnace at a constant heating temperature of
flowing ammonia (NH3,99.999%) gas at the flow rate of 500 ml/min. After holding
at the desired temperature for 1 h, the tube furnace was cooled down under flowing
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Ar gas. After reaction and nitridation, the obtained products were examined by X-
ray powder diffraction (PANalytical D/max 2500). Scanning electron microscope
(Quattro S, ThermoFisher) was carried out to monitor overall morphology.

Computational Details

All structural optimizations and corresponding total energy calculations were
performed using density functional theory (DFT) with the VASP package by
the plane wave basis sets [13]. The exchange correlation function used is
the generalized gradient approximation of the Perdew−Burke−Ernzerhof (PBE).
The plane wave base cutoff energy of 500 eV is used to ensure good accu-
racy. The structure of vanadium oxide is geometrically optimized by the conju-
gate gradient method. The maximum force of each atom in the system is less
than 0.03 eV/Å and the total energy is less than 10–5 eV. In order to elim-
inate the influence of radical-containing systems, we considered spin polariza-
tion in our calculations. The V2O5(001) surface was modeled with the slab
supercell approach including a 15 Å vacuum region, as shown in Fig. 1. There
are two kinds of vanadium (Va and Vb) and three kinds of lattice oxygen
active sites on the surface [14, 15]. Among them, Va is vanadium-based oxygen
(Va = O) located outside the surface and vanadium-based oxygen (Vb = O) located
inside the surface. Lattice oxygen includes single-coordinated terminal oxygen O(1),

Fig. 1 Configuration of vanadium oxide (V2O5) slab model
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namely, vanadium-based oxygen (V=O), double-coordinated oxygen O(2), and tri-
coordinated oxygen O(3). It is worth noting that from the structural position of O(1),
O(1) is the most prone to adsorption reaction site [16], and O(1) is also the research
site of this article. We used a (1 × 2) supercell containing a ten-layer slab in which
the bottom five layers were fixed and all the other atoms are allowed to relax freely. A
3 × 4 × 1 k-point grid that has been tested for convergence is used to ensure that the
interface has sufficient accuracy. Since the zero-point correction has a small effect
on the adsorption energy, the relative energy reported does not include the zero-point
energy and thermal correction.

The adsorption energy (Ead) is calculated according to Formula (1).

Ead = ENH3+V2O5 − ( ENH3 + EV2O5) (1)

where ENH3+V2O5 is the surface energy of NH3 adsorbed on the V2O5 surface, ENH3

is the energy of NH3, and EV2O5 is the energy of the V2O5 clean surface.

Results and Discussion

Thermodynamic Analysis

As shown in Table 1, themain reactions and their standard Gibbs free energies during
reduction-nitridation process were calculated by FactSage 8.0. From the products of
Eqs. 3 and 4, it can be seen that there are two possible ways for V2O5 to react with
NH3. The products of the two different pathways are N2 and NO, respectively. It
can be seen from Eq. 2 that NO easily reacts with NH3, indicating that it is difficult

Table 1 Main reactions and their standard Gibbs free energies

Eq. Chemical equation �rG� (J/mol) Starting reaction
temperature (°C)

1 NH3 = 1/2N2 + 1/3H2 21,562.34–114.50 T 188

2 NH3 + 3/2NO = 5/4N2 + 3/2H2O −455,952.62–15.85 T –

3 V2O5+2/3NH3 = 2VO2 + 1/3N2 + H2O −112,843.32–123.41 T –

4 V2O5 + 2/5NH3 = 2VO2 + 2/5NO + 3/5H2O 8719.67–119.12 T 73

5 VO2 + 1/3NH3 = 1/2V2O3 + 1/6N2 +
1/2H2O

−18,870.21–45.52 T –

6 VO2 + 1/5NH3 = 1/2V2O3 + 1/5NO +
3/10H2O

41,922.70–43.41 T 966

7 V2O3 + 2NH3 = 2VN + 3H2O 105,711.36–149.15 T 709

8 V2O5 + H2 = 2VO2 + H2O −127,002.18–47.65 T –

9 VO2 + H2 = V2O3 + H2O −26,057.75–7.35 T –
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Fig. 2 Equilibrium composition of solid and gas products in theNH3–V2O5 (1.0molV2O5) system
at different temperatures: a 400 °C b 600 °C

to detect the formation of NO during the actual reaction process. Meanwhile, the
reaction pathway of VO2 is similar to that of V2O5. However, it can be seen from
Eq. 6 that the initial temperature ofNOgeneration is 966 °Cunder standard condition,
indicating that the reaction betweenVO2 andNH3 is dominated by Eq. 5. In addition,
the temperature required to generate VN under standard conditions is 703 °C, under
standard condition by Eq. 7. Equations 8 and 9 show that H2 can reduce V2O5 to
V2O3. This indicates that H2 decomposed from ammonia gas also participates in the
reaction.

In order to further illustrate the NH3-V2O5 system changes during the reaction,
the solid and gas phase composition was calculated as a function of input NH3 under
standard condition. Figure 2 shows the equilibrium of the gas–solid composition of
the product with the increase of ammonia at 400 and 600 °C. As shown in Fig. 2, the
solid phase changes to: V2O5 →VO2 →V3O5 →V2O3. In our previous study, with
the further increase of ammonia, V2O3 would eventually change to VN [17]. In the
gas product, its main components are H2O and N2. As the reaction progresses, the
content of H2 and NH3 will gradually increase. It is worth mentioning that the black
line is the change of NO gas.WhenV2O5 is gradually transformed into V2O3, the NO
gas content also drops by orders of magnitudes. Meanwhile, when the temperature
increases from 400° to 600° °C, the content of NO gas increases by several orders of
magnitude, while the content of ammonia decreases by several orders of magnitude,
indicating that the increase of temperature is beneficial to the reaction. In addition,
it can be seen from Eq. 2 that NO and NH3 will react, resulting in a small amount of
NO compared to the content of N2.

Phase Transformation Analysis

The phase transformation during the preparation of VN was shown in Fig. 3a. As
shown in Fig. 3a, after reacting at 400 °C for 1 h, the sample consisted of VO2, V2O3,
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Fig. 3 The phase and SEM images of the reaction products: a XRD patterns of the products; b
SEM image of the V2O5 at 600 °C after reacting for 1 h

and VN. It can be concluded that, in this case, the reaction time was not sufficient to
completely reduce vanadium oxides. With the increase of temperature to 500 °C, the
diffraction peak of VO2 disappeared leaving only the diffraction peaks of V2O3 and
VN.When the temperature was 600 °C, all diffraction peaks were assigned to VN. In
addition, the lattice parameters and structure of VO and VN are similar. Therefore,
the VN produced by the reaction is a solid solution of VNxOy (x < 1, y < 1). It is worth
noting that the above thermodynamic calculation shows that the initial temperature of
VN generation in the standard state is 709 °C, while the actual experimental reaction
temperature is lower than the theoretical temperature, which is due to dynamics and
other factors. Figure 3b shows a scanning electron micrograph (SEM) of the product
reacted at 600 °C for 1 h. The product is micron-sized particles composed of many
small cubes.

DFT Analysis

In order to further study the reaction of adsorbed gas on the microscopic surface of
V2O5 under ammonia atmosphere, we used DFT to calculate the structural changes
and adsorption energy of NH3, H2, N2, H, and N adsorbed on the surface of V2O5

(001), as shown in Fig. 4. On the surface of V2O5, the structural position of O(1)
site shows that O(1) is most likely to adsorb gas. Meanwhile, Fu et al. [16] also
found that O(1) and H combined to form H2O would leave the solid surface, thus
changing the structure of V2O5. From Fig. 4a–c, it can be seen that the adsorp-
tion energy (Ead = −0.15 eV) of NH3 adsorbed on the surface of V2O5 (001) is
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Fig. 4 Adsorption structures of a NH3, b H2, c N2, d H, e N on the surface of V2O5 (001)

the largest, indicating that in the actual reaction process, ammonia is most easily
adsorbed on the surface of the reactant and reacts with V2O5. In addition, NH3 and
H2 are easily decomposed to obtain activeN atoms andHatoms. In the actual reaction
process, there are activeN atoms andHatoms in the ammonia atmosphere. Therefore,
we calculate the adsorption of H and N atom on the V2O5 (001) surface, as shown in
Fig. 4d, e. The adsorption energies of the H and N atom are −2.89 eV and −2.16 eV,
respectively, indicating that H andN atoms can react spontaneouslywithO(1).Mean-
while, the bond length between O(1) and V atom becomes longer, and O(1) has a
tendency to desorb on the V2O5 (001) surface.

Conclusions

VNwas successfully prepared in ammonia atmosphere using V2O5 as a rawmaterial
at 600 °C for 1 h. Through thermodynamic calculation, the gas–solid change in the
reaction process was analyzed. The formation of NO gas was found at the initial
stage of the reaction. NO gas will react with NH3, resulting in a very low NO content
in the product gas. Meanwhile, through DFT study, it was found that NH3 was easily
adsorbed on V2O5 (001) surface compared with N2 and H2. The active N and H
atoms obtained from the decomposition of NH3 and H2 are easily adsorbed on the
surface of V2O5 (001) and bind to O(1). Meanwhile, O(1) has a tendency to detach
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from the V2O5 (001) surface, which shows the change process of the microscopic
reaction process.
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Leaching Cobalt
from a Nickel-Containing Copper-Cobalt
Zebesha Ore

Foibe D. L. Uahengo, Yotamu R. S. Hara, Rainford Hara,
Nachikonde Fumpa, Alexander Old, and Golden Kaluba

Abstract Two copper-cobalt ore samples with varying amounts of nickel,
manganese, and iron from Zebesha Mine in Zambia were leached under different
conditions with the purpose of understanding leaching characteristics. Leach tests
were conducted at different conditions such as pH, temperature, and varying amount
of reductant (sodium metabisulphite). The as-received materials and leach residues
were analyzed by scanning electron microscopy and atomic absorption techniques.
Copper andmanganese selectively leached from thematerial in the absence of SMBS
thereby leaving out cobalt, nickel, and iron. However, all elements, (Cu, Co, Ni, Mn,
and Fe) leached out in the presence of SMBS. The overall recoveries of copper,
cobalt, nickel, manganese, and iron were dependent on pH and amount of sodium
metabisulphite.

Keywords Cobalt · Nickel · Leaching · Recoveries · Reductant · SMBS

Introduction

Zebesha mine in Zambia hosts a heterogenite oxide cobalt ore (CoO·2Co2O3·6H2O)
which contains both Co2+ and Co3+ valences. The cobalt ore deposit contains nickel
which is caused by atomic substitution. Cobalt oxide deposits are difficult to dissolve
especially in tetravalent form (e.g. Co2O3) since Co3+ becomes soluble only after
converted to Co2+ [2, 6, 8]. Upon contact with an acid (H2SO4), the Co2+ would
dissolve (Eq. 1) leaving Co3+ unreactive. Co3+ requires a reducing agent to convert
it to the acid-soluble Co2+ as shown in Eq. 2, with the sodium meta-bi-sulphate
(SMBS) being the commonly used reductant among others [1, 5, 6 12–14]. The
SMBS generates SO2 that then reduces Co3+ to Co2+ as given in Eqs. 3 and 5.

CoO2Co2O36H2O + H2SO4 → CoSO4 + 2Co2O3 + 7H2O (1)
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Table 1 Chemical analysis of as-received Zebesha materials in weight %

Sample ID Cu Co Ni Mn Fe

Z02 2.28 0.73 0.09 0.15 3.16

BCo 2.06 3.57 0.50 0.28 3.49

2Co2O3 + 3H2SO4 + Na2S2O5 → 4CoSO4 + Na2SO4 + 3H2O (2)

Na2S2O5+H2O → 2NaHSO3 (3)

2NaHSO3 + H2SO4 → Na2SO4 + 2SO2 + 2H2O (4)

Co2O3 + H2SO4 + SO2 → 2CoSO4 + H2O (5)

In order to understand the effect of SMBS addition, two samples with similar
copper content but varying contents of cobalt, nickel, and manganese were leached
out. The samples were leaching under different conditions such as SMBS dosing,
pH and temperature.

Materials and Methods

Materials

Two samples, namely, Z02 and BCo were collected from Zebesha Mine Limited
in Mwinilunga District of the Western Province Zambia. The chemical analysis is
shown in Table 1 from which it can be observed that the two samples have similar
content of copper and iron. However, BCo sample has more cobalt and nickel content
than Z02 sample.

Leach Tests

The purpose of leach tests was to understand the dissolution of the valuable elements
in thematerial. The as-received ore sampleswere crushed andmilled down to particle
size of less 150 µm. Each sample was leached at 33% solids and for a period of
1.5 h in sulphuric acid media. pH of the solution during leaching was controlled via
addition of sulphuric acid. Leach was carried out either at room temperature or high
temperature (about 70 °C) and the aim was to understand the effect of temperature.
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The slurry was stirred at a speed of 400 revolutions per minute. At the end of the
leach experiment, the slurry was filtered off and the residue was washed with fresh
water and dried.

Analysis

The dried leach residues were analysed for copper, cobalt, nickel, manganese, and
iron using atomic absorption spectrometer (AAS). The respective recovery was
calculated based on the metal content in the feed and residue. For mineralogical
examination, a portion of the sample was screened on sieve size 1.7 mm at 100%
passing and a 90° transverse epoxy block was made and re-casted in epoxy for
analysis on the TESCAN Integrated Mineral Analyser (TIMA). The TIMA is an
automated mineralogy system for fast quantitative analysis of samples such as rocks,
ores, concentrates, tailings, leach residues, or smelter products. TIMA combines
BSE and EDX analysis to identify minerals and create mineral images that are
analysed to determine mineral concentrations, element distributions, and mineral
texture properties such as grain size, association, liberation, and locking parameters.

Results and Discussion

Mineralogy Examination

Mineralogical examination was done using TESCAN Integrated Mineral Analyser
(TIMA). TIMA is an automated mineralogy system for fast quantitative analysis of
samples such as rocks, ores, concentrates, and tailings. It combines backscattered
electron and energy dispersive X-ray analysis to identify minerals and create mineral
images that are analyzed to determine mineral concentrations, element distributions,
and mineral texture properties such as grain size, association, liberation, and locking
parameters.

Mineralogical data for the as-received samples is shown in Table 2. It can be
observed from Table 2 that cobalt is contained in the heterogenite mineral. Copper is
predominantly contained in the malachite mineral in the BCo sample (2.06 weight %
malachite). However, Z02 sample only has 0.03 weigh % malachite. It is clear from
the mineralogical data from Table 2 that the main gangue phases in both samples are
quartz, biotite, muscovite, talc, chlorite, and schorl.

Several parameters such as temperature, pH, sodium meta-bisulphate
concentration, and acid consumption were studied.
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Table 2 Mineralogical data
for the as-received samples in
weight %

Phase name Z02 BCo

Quartz 34.57 31.11

Biotite 20.83 18.33

Talc 12.86 10.93

Muscovite 0.95 0.86

Chlorite Co Cu Mn 9.96 9.46

Fe oxides (Hematite) 7.10 6.53

Chlorite with Fe Cu (chrysocolla)like) 7.33 6.89

Schorl 2.52 2.37

Malachite 0.03 2.06

Heterogenite 1.48 9.37

Alumosilicate 0.80 0.63

K-feldspar 0.10 0.08

Rutile 0.35 0.17

Kaolinite 0.05 0.08

Plagioclase 0.06 0.01

Chrysocolla 0.08 0.02

Fe Mn Cu Co oxide 0.09 0.01

Fe O Si Al K phases 0.02 0.03

Effect of Temperature and pH

The effect of pH was studied at room temperature and elevated temperature (70 °C).
The results showing the effect of pH at different temperatures for BCo and Z02
samples are shown in Fig. 1a and 1b, respectively. The main observations in Figs. 1
and 2 are as follows:
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Fig. 1 Effect of pH at: a room temperature and b at 70 °C for BCo sample. The amount of SMBS
added was 1.2 weight %
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Fig. 2 Effect of pH at: a room temperature and b at 70 °C for Z02 sample. The amount of SMBS
added was 1.2 weight % of the weight of the ore

• Recovery of iron is extremely low and similar for both samples (BCo and Z02) at
both room temperature and elevated temperature.

• The recoveries of Cu, Co, Ni, and Mn decrease with increase in pH.
• The overall recoveries for all elements are similar at room temperature and higher

temperature (70 °C) for BCo.
• The recoveries of Cu, Co, Ni, andMn are higher at 70 °C than at room temperature

for the Z02 sample.
• The recovery of copper is higher in the BCo sample than Z02 sample and this is

due to the presence of malachite in the former (BCo).
• The recovery of cobalt is higher in the Z02 sample compared to the BCo. This is

due to the fact that Z02 has less heterogenite content and hence has less cobalt
which then requires less reductant.

The recoveries of Cu, Co, Ni, and Mn are not sensitive to temperature in the BCo
sample and this is due to the presence of malachite which acts as a catalyst. However,
there is no malachite in Z02 sample and hence recoveries of Cu, Co, Ni, and Mn are
more sensitive to temperature.

Effect of Sodium Metabisulphite Concentration During
Leaching

Effect of sodium meta-bisulphate addition was studied by leaching the sample at pH
of 1.8 and 4.0 at room temperature. The samples were leached out at different dosing
of SMBS and results are shown in Fig. 3a, b. It can be observed from Fig. 3a that the
recoveries of Cu and Mn are higher than for Co, Ni, and Fe. The results in Fig. 3a
further show that recoveries of Co, Ni, and Mn increase with increase in SMBS
addition. It is worth noting that Co, Ni, and Mn exist in the heterogenite mineral
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Fig. 3 Effect of SMBS addition on % recovery for the BCo sample at a pH 1.8 and b pH 4.0, at
room temperature

which requires a reductant to dissolve and hence recoveries were increasing with
increase in SMBS addition. Comparing the results in Fig. 3a, b, it can be observed
that the recoveries of Co, Ni, and Mn were similar at pH of 1.8 and 4.0 and this is
because these elements are soluble even at pH of 6.0. By comparison, the recovery
of Cu decreased significantly at pH of 4.0 and this is due to decreased solubility.
Based on the results in Fig. 1a it can be concluded that it is possible to preferentially
leach out copper and manganese while leaving out Co and Ni which can be leached
in a second stage.

With a view of maximising the recoveries of Co and Ni, SMBS was added up to
12 weight % at leaching pH of 1.8 and the results are shown in Fig. 4a. It is evident
from Fig. 4a that further increase of SMBS to 10 weight % yielded a sharp increase
in the recoveries for Co, Ni, and Fe. On the other hand, the recoveries of all elements
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Fig. 4 a Metal recovery as function of SMBS addition for BCo material at room temperature and
b acid function as a function of pH



Leaching Cobalt from a Nickel-Containing Copper-Cobalt … 141

did not significantly change as SMBS was increased from 10 to 12 weight %. Based
on the results in Fig. 4a, it can be concluded that the optimal addition of SMBS is
10 weight % which is comparable to the overall content for Cu, Co, Ni, Mn, and Fe.
It can be observed from Fig. 4a that the recovery of iron was the lowest and this is
due to the fact that some of it is present in hematite/magnetite minerals.

The plot of acid consumption against pH is shown in Figs. 4b from which the
following observations can be made:

• Acid consumption reaches a steady state as pH extends beyond 2.5 at room
temperature for the ZO2 sample.

• Acid consumption is higher at 70 °C than at room temperature and this is due to
lack of selectivity at higher temperature. Other elements such as Al, Mg, and Ca
dissolve at higher temperature thereby leading to increased acid consumption.

• Acid consumption is higher for the BCo sample than Z02 sample at room
temperature. The higher consumption of acid at room temperature for the BCo
sample is caused by the higher dissolution of Cu, Co, Ni, and Mn.

Conclusions

Based on the mineralogical examination, test works carried out, and experimental
data obtained, the following conclusions were made:

• The main copper-cobalt-bearing minerals in the samples are malachite and
heterogenite. Some of the copper and cobalt are dissolved in the chlorite and
chrysocolla minerals.

• The recoveries of Cu, Co, Ni, andMn are higher at 70 °C than at room temperature
for the Z02 sample meaning that the reactions are temperature dependent.
However, temperature did not have effect on recoveries of Cu, Co, Ni, and Mn on
the BCo which contains malachite.

• The experimental data shows that it possible to preferentially leach out copper
and manganese from the sample thereby leaving cobalt and nickel which can be
leached in a second stage and precipitated together for production of cobalt-nickel
alloy.

• Acid consumption decreaseswith increase in leach pHof the solution at both room
temperature and 70 °C. Acid consumption for both samples is 20–140 kg/ton of
ore.

• The optimum amount of SMBS is 10% of the weight of the feed for BCo sample
and this is equivalent to the Cu, Co, Ni, Mn, and Fe content.
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Interaction Between Iron Ore
and Magnesium Additives During Pellet
Roasting Process

Lian-Da Zhao, Hong-Su, Qing-Guo Xue, and Jing-Song Wang

Abstract To study the interaction between iron ore and magnesium additives,
several types of interaction couples were prepared and SEM–EDS was used to
measure the diffusion distance of Mg2+. Results showed that prolonging the roasting
time was beneficial to the diffusion of Mg2+ in the iron ore. When the basicity
(CaO/SiO2) of iron ore increased from 0.2 to 1.0, the diffusion distance of Mg2+

increased from 15 to 35 µm. Among three magnesium additives, the diffusion
distance ofMg2+ in dolomitewas the longest,while that in serpentinewas the shortest.
Serpentine contains a large amount of SiO2, which can hinder the contact between
MgO and Fe2O3, thus reducing the diffusion distance of Mg2+. The roasting exper-
iment of high-magnesium pellets was further carried out to study the influence of
basicity on the compressive strength of pellets. Result shows that the compressive
strength of pellets decreased from 2701 to 2556Nwhen 2%dolomite was added. The
basicity of high-magnesium pellets was adjusted by adding CaO into the pellets. The
compressive strength of pellets with basicity of 1.2 was 2629 N. The compressive
strength of pellets with basicity of 1.5 was 2654 N. Adding CaO to high-magnesium
pellets can improve the compressive strength.

Keywords Interaction couple · Compressive strength · Diffusion performance ·
MgO additives

Introduction

As China plans to reach a carbon peak by 2030, using a high proportion of pellets
to produce iron is an important measure for the metallurgical industry to reduce
energy consumption and reduce carbon dioxide emissions. Traditional acid pellets
have the disadvantages of poor reducibility and high reductive swelling index. It has
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been shown that the composition of pellet has an important effect on its metallur-
gical properties. Therefore, improving pellet composition is an important method
to increase the proportion of pellet into furnace [1–3]. It is an important method to
add fluxes and adjust the composition of gangue under the existing pellet production
conditions [4].

Adding MgO is an effective method to improve the metallurgical properties of
pellets [5]. Dwarapudi et al. [6] studied the effect of MgO content on the quality
and microstructure of hematite pellets, and they found that addition of MgO to both
acid and limestone fluxed pellets considerably reduced their swelling tendency. Fan
studied the influence of magnesium additives on iron ore oxidized pellets. When
adding magnesium additives, the compressive strength of pellets decreases because
of the oxidation of magnetite retarded by MgO [7]. For pellets containing high
content of MgO, Wang found that increasing the content of CaO was helpful to
reduce the influence ofMgO on the compressive strength of pellets [8]. Yang et al. [9]
pointed out that alkaline pellet with high-MgO content has better softening-melting
characteristic and reduction swelling index. However, in the actual production, it is
found that the higher compressive strength of magnesium-containing pellets often
requires amore stringent roasting system [10]. Themetallurgical properties of pellets
can be significantly improved by adding magnesium-containing additives. But the
residual MgO in pellets hinders the continuous crystallization of Fe2O3 and reduces
the compressive strength of pellets. Therefore, accelerating the diffusion of Mg2+

between iron ores is of great significance for improving the compressive strength of
high-magnesium pellets. It is necessary to explore the consolidation mechanism of
pellets containing magnesium additives. The diffusion of Mg2+ in the pellets has a
very important effect on the performance of the pellets [11].

In our study, the interaction couplemethodwas used to study the effects of roasting
time, basicity, and magnesium additives on the diffusion rate of Mg2+. First, the
diffusion distance of Mg2+ was measured under different experimental conditions.
Next, the basicity of pellets was changed by adding dolomite and CaO, and the
compressive strength of pellets was tested. Combinedwith themineral phase analysis
of pellets, the reasons affecting the change of compressive strength of pellets were
explored. At the same time, SEM–EDS was used to measure the diffusion distance
of Mg2+ and observe the mineral phase of pellet. This investigation is helpful in
understanding the interaction between themineral phases of iron ores andmagnesium
additive (dolomite, serpentine).

Experimental

Raw Materials

The raw materials used to prepare pellets in the present work, including magnetite,
dolomite, and serpentine, were acquired from an iron and steel enterprise in China.
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Table 1 Main chemical compositions of raw materials (wt%)

Raw materials TFe FeO CaO SiO2 Al2O3 MgO

Magnetite 69.07 29.28 0.38 1.62 0.35 0.73

MgO (a. r.) 99.00

Dolomite 0.36 31.78 2.57 0.55

Serpentine 1.03 1.82 35.68 0.08 47.18

CaO (a. r.) 99.00

Table 2 Chemical compositions of bentonite (wt%)

Al2O3 Fe2O3 Na2O CaO MgO Water

12.00 1.60 0.56 2.01 2.00 2.00

Table 3 Physical characteristics of bentonite

Colloid index/
(mL (15 g)−1)

Expansion
volume/(mL (2 g)−1)

Montmorillonite
content/wt%

Water
absorption
(2 h)/%

Content of
methylene blue
adsorbed
/(mL (100 g)−1)

100 25 80 420 35.36

The chemical composition of the raw materials is listed in Table 1. Both MgO and
CaO used in the experiment were analytical reagents with a purity of 99%. Bentonite
was added to the pellets at a content of 1wt%.The composition andbondingproperties
of bentonite are shown in Tables 2 and 3.

Interaction Couple Experiments

Preparation of Interaction Couples

The method of interaction couples was adopted to explore the diffusion of Mg2+ in
high-magnesiumpellets. Themineral powder or themineral powder-containing addi-
tives and the magnesium-containing reagent were pressed separately under 2 MPa.
In order to ensure that the pellets would not be broken in the experiment, the pellets
were roasted at 600 °C for 3 h (protected by N2). After roasting, the pellets were
annealed, and the two pellets were made into interaction couples by close contact,
as shown in Fig. 1.



146 L.-D. Zhao et al.

Fig. 1 Diagram of ion diffusion in interaction couples

Roasting of Interaction Couples

In order to simulate the actual roasting process of pellet as much as possible, the
interaction couples were roasted by three-stage roasting method. The temperatures
of the three sections of the electric furnace was set to 500 °C (eliminating crystal
water), 950 °C (preheating), and 1 250 °C (roasting). The duration of the first two
stages was 15 min.

Microscopic Observation of Interaction Couples

After roasting, the couples were sliced along the diffusion direction, and the sections
were polished and inserted. The product layer was observed by electron micro-
scope and the diffusion distance of Mg2+ was measured. In our study, the effects
of roasting time, basicity of pellets (CaO/SiO2), and magnesia-containing additives
on the diffusion distance of magnesium were studied. Experimental conditions are
shown in Table 4.

Table 4 Experimental
conditions

Basicity of the
minerals
(CaO/SiO2)

Magnesia additive The roasting time
(min)

0.20 MgO 15

25

35

0.20 MgO 15

Dolomite

Serpentine

0.20 MgO 15

0.50

1.00
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Table 5 Compositions of the pelletizing mixtures

CaO/SiO2 Magnetite/wt% Dolomite/wt% CaO/wt% Bentonite/wt%

0.2 100 0 0 1

0.6 100 2 0 1

1.2 100 2 0.9 1

1.5 100 2 1.3 1

Pellet Roasting Experiments

In order to explore the effect of basicity (CaO/SiO2) on the compressive strength of
magnesium oxide pellets in the actual production process, the experiment was carried
out to produce magnesium-containing pellets by briquetting. In our study, dolomite
was used as magnesium additive, and the basicity of the pellets was changed by
adding different contents of CaO to the pellets.

The specific experimental scheme is shown in Table 5, and the pellets were placed
in each area for 15 min.

Results and Analysis

Effect of Roasting Time on Diffusion of Mg2+

The microstructure and Mg2+ distribution of the interaction couples during different
roasting times are shown in Fig. 2. It can be seen from the SEM image that Mg2+

diffused into the iron ore and produced magnesium ferrite in solid phase reaction
with Fe2O3 during the roasting process. In the SEM picture, the outer boundary of
diffusion layer is defined by the distribution ofmagnesium dots varying greatly, and it
has beenmarked in the picture.According to the contact length in the diffusion couple
and the area of the defined diffusion region, the diffusion distance is approximately
calculated.

In Fig. 2, the diffusion distance of Mg2+ increases with the increase of roasting
time. In the interaction couple roasted for 15 min, the diffusion distance of Mg2+

was 15 µm. For the interaction couple with a roasting time of 25 min, the diffusion
distance was 20 µm. When the roasting time was increased to 35 min, the diffusion
distance of Mg2+ increased to 31 µm. The ratio of diffusion distance of Mg2+ to
calcination time reflects the diffusion rate of Mg2+. In our study, the average diffu-
sion rate of Mg2+ was 0.9 µm/min. This indicates that the diffusion rate of Mg2+

is relatively stable under certain roasting conditions. Increasing the roasting time
significantly increases the diffusion distance of Mg2+.
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Fig. 2 SEM image of interaction couples of different roasting times. a 15 min; b 25 min; c 35 min

Effect of Chemical Composition on Diffusion of Mg2+

In order to explore the influence of chemical composition on Mg2+ diffusion, two
research methods were adopted according to the actual production situation. One
was to change the basicity of magnetite by adding CaO to it. The other was to change
the type of magnesium additives. Analytical reagentsMgO, dolomite, and serpentine
were adopted in our study.

Figure 3 shows the SEM images of interaction couples with different basicity.
Mg2+ has different diffusion distance in interaction couple with different basicity of
magnetite. It can be seen from Fig. 3 that the diffusion distance of Mg2+ was 19 µm
in the couple in which the basicity was 0.5. When the basicity increased to 1, the
diffusion distance increased to 35 µm.

In actual production, there aremany sources of magnesium flux, such as dolomite,
magnesite, and serpentine. Figure 4 shows SEM image of interaction couples
containing different kinds of magnesium additives. It is found that different kinds of
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Fig. 3 SEM image of interaction couples of magnetite with different basicity. a R = 0.2; b R =
0.5; c R = 1

reagents containing MgO have different diffusion distances in interaction couples.
The diffusion distance of Mg2+ in MgO-magnetite interaction couple was 15 µm.
The diffusion distance of Mg2+ in the serpentine-magnetite interaction couple was
reduced to 11 µm. The diffusion distance of Mg2+ in the dolomite-magnetite
interaction was the longest, which was 25 µm.

The chemical composition of magnesium additives had an important effect on the
diffusion distance of Mg2+ in interaction couples. The main chemical compositions
of serpentine are SiO2 andMgO. Dolomite contains a large amount of CaO andMgO
after roasting. For serpentine-magnetite diffusion couples, there was a large amount
of SiO2 at the contact interface. In the oxidizing atmosphere, SiO2 does not react with
Fe2O3. The solid-state SiO2 was filled between MgO and Fe2O3, which prevented
MgO from contact with Fe2O3 and inhibited the formation of magnesium ferrite.
This situation resulted in the short diffusion distance of Mg2+. Dolomite is rich in
Mg and Ca. CaO and Fe2O3 preferentially form calcium ferrite during calcination.
Calcium ferrite has a very low melting point and forms a large liquid phase at the
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Fig. 4 SEM image of interaction couples of different types of magnesium additives. a Analytical
reagent MgO; b dolomite; c serpentine

experimental temperature. The liquid phase calcium ferrite produced in the roasting
process acted as a bond between Fe2O3 crystals and accelerated the reaction between
MgO and Fe2O3. The diffusion rate of Mg2+ was accelerated, and the formation rate
of magnesium ferrite was greatly improved [12].

Effect of Basicity on Minerals Phase and Compressive
Strength of Pellets with High-MgO Content

It has shown that appropriate roasting time, magnesia additives, and basicity can
promote the diffusion of Mg2+ and accelerate the reaction between MgO and Fe2O3.
In our study, the behavior of high-magnesium pellets during roasting was character-
ized by X-ray Diffraction (XRD) and SEM–EDS. The compressive strength of the
pellets was measured using a pressure test machine.
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The compressive strength of pellets with different basicity is shown in Fig. 5.
When the pellets did not contain dolomite, the basicity was 0.2, and the compressive
strength was 2701 N. The basicity of pellets with 2% dolomite was 0.6, and the
compressive strength dropped to 2556 N. Different proportions of CaO were added
to pellet to change the basicity of pellet. When the basicity was 1.2, the compressive
strength increased to 2629N, andwhen the basicitywas 1.5, the compressive strength
was 2654 N.

Figure 6 shows the microscopic mineral phases of pellets with different basicity.
XRD spectra of roasting products are shown in Fig. 7. The reaction rate of MgO and
Fe2O3 was very slow when dolomite was added to pellet. When the pellet roasting
was finished, the MgO that did not participate in the reaction still remained in the
pellet. Because the residual MgO hinders the Fe2O3 crystal connection, it can reduce

Fig. 5 Effect of basicity on
compressive strength of
high-MgO pellets

Fig. 6 XRD spectra of
high-MgO pellets under
different basicity
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Fig. 7 SEM image of the pellets with different basicity. a 2% dolomite; b 2% dolomite + 0.9%
CaO; c 2% dolomite + 1.3%CaO. F-Fe2O3; P-pore; CF-calcium ferrite; MC-monticellite

the compressive strength of the pellets. The content of calcium ferrite andmonticellite
in pellets increased with the increase of basicity and CaO content in pellets. On the
one hand, this kind of low melting point material melted in the process of pellet
roasting, and then filled in between Fe2O3 crystals, which plays a connection role
between crystals. This behavior reduced the porosity of pellets. On the other hand,
liquid calcium ferrite and monticellite can accelerate the reaction rate of MgO and
Fe2O3, so that the distribution of MgO in pellet was more uniform. Therefore, for
high-magnesium pellet, increasing CaO content in pellet can optimize the mineral
phase of pellet and increase the compressive strength of pellet. From the XRD results
of different basicity pellets, it can be seen that the main composition of pellets is
Fe2O3.When the basicity of pellets increased, the content of FeSiO3 decreased, and
there was almost no FeSiO3 in the pellets with basicity of 1.5. The change of gangue
phase in the pellets has a great influence on the compressive strength of the pellets
[13, 14].

Conclusions

In this study, magnetite, dolomite, serpentine, and analytically pure reagent CaO
and MgO were used to study the diffusion behaviors of Mg2+ in iron ore during
roasting. Simulating the actual pellet production process, the mineral phases and
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the influencing factors of compressive strength of high-Mg content pellets under
different basicity were explored. Results are shown below:

(1) The diffusion distance ofMg2+ was positively correlatedwith the roasting time.
The diffusion distance ofMg2+ increased from 15 to 31µmwhen roasting time
increased from 15 to 35 min.

(2) For different kinds ofmagnesiumadditives, under the same roasting conditions,
the diffusion distance of Mg2+ in dolomite was the farthest, which was 25 µm.
The diffusion distance of Mg2+ in serpentine was 11 µm. The basicity has a
great influence on the diffusion distance of Mg2+. When the basicity increased
from 0.2 to 1, the diffusion distance of Mg2+ increased from 15 to 35 µm. In
the presence of dolomite additives and high basicity, there was a large amount
of CaO in the interaction couple. During the roasting process, CaO reacts with
Fe2O3 in preference to generate calcium ferrite. Due to the low melting point
of calcium ferrite, liquid phase was formed during the roasting process, and the
presence of liquid phase increases the contact area between Mg2+ and Fe2O3.
This behavior accelerated the diffusion of Mg2+.

(3) MgO in pellet affects the consolidation of ore phase. Residual MgO in ore
phase reduces the compressive strength of pellets. Increasing the basicity of
pellets can improve the situation. When the content of CaO in pellet increases,
the chemical composition of gangue changes. A large amount of liquid phase
accelerated the diffusion of Mg2+ and reduced the content of MgO in the pellet
that did not participate in the reaction. At the same time, increasing basicity
can reduce the porosity of pellet. For high-magnesium pellets, the basicity of
pellets needs to be increased in order to obtain higher compressive strength.
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Chemical Analysis of Mineral Surfaces
Using Digital Image Processing

Juan C. González-Islas, Abdon R. Aparicio-Durán,
Gildardo Godínez-Garrido, Karime A. González-García,
and Mizraim U. Flores-Guerrero

Abstract Quantitative and qualitative chemical analyses are of great importance in
the characterization of materials and in mineralogy, in order to determine the content
of elements present in minerals; the equipment used for this kind of analysis is very
expensive and sophisticated. Image segmentation can provide a semi-quantitative
analysis of the elemental content of the mineral surface. In the present work, the
semi-quantitative analysis of purple fluorite was carried out using atomic absorption
spectrophotometry, X-ray dispersive energy spectrometry and the comparison with
image segmentation was made, matching the percentages of calcium and fluorine
in the three methods. The analysis of the images was based on the intensity of the
colors to determine the content of each element present in the mineral, subsequently
the method of functional approximation and interpolation was used so that it can
be an economic form, precise, and easy to use for determining semi-quantitative
composition of mineral surfaces.

Keywords Semi-quantitative analysis · Image segmentation · Purple fluorite ·
Atomic absorption spectrophotometry

Introduction

Image segmentation is the process of partitioning or segregating an image into parts
or regions. Often, such splitting is based on the pixel properties of an image, for
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example, abrupt discontinuities typically represent edges, in addition, segmentation
can also be done by color, texture, and gradient, amongothers [1]. Color segmentation
facilitates the separation of space-spectral attributes. This technique is predominantly
used as a pre-processing step to annotate, improve, analyze, classify, or summarize
image information. In general, there are many segmentation applications in image
processing, artificial vision, and pattern recognition, including image rendering,
compression, security, graphics, biomedical imaging, and agricultural product quality
inspection, among others [2–4]. Another less common application has been used to
monitor the health and well-being of livestock by implementing novel non-invasive
techniques based on the monitoring of face characteristics taken from images of
livestock [5]. One of the first works related to image processing in terms of chemical
analysis was presented in [6]. It focuses on the quantification of images of ionic
mass spectrometries produced by a microscope, using micro-photodensitometry and
digital image processing based on feature analysis and cross correlation using the
Fourier fast transform. One of the most common methods is the semi-quantitative
characterization through SEM and TEM microscopy, this through the spectroscopy
of X-ray dispersive energies (EDS). The EDS technique detects the X-rays emitted
by the sample during bombardment by an electron beam to characterize the elemental
composition of the analyzed volume. The EDS X-ray detector measures the relative
abundance ofX-rays emitted versus their energy.Thedetector is typically a solid-state
lithium-derived silicon device. When an incident X-ray hits the detector, it creates a
charge pulse that is proportional to the X-ray’s energy. The X-ray energy spectrum
versus counts is evaluated to determine the elemental composition of the sampled
volume [7]. For quantitative analysis, Atomic Absorption Spectrometry (AAS) is
used, a technique in which free gaseous atoms absorb electromagnetic radiation
at a specific wavelength to produce a measurable signal. The absorption signal is
proportional to the concentration of those free absorption atoms in the optical path.
Therefore, for AAS measurements, the analyte must first be converted into gaseous
atoms, usually by applying heat to a cell called an atomizer [8, 9]). Therefore, in
this work, a semi-quantitative chemical analysis of surfaces is done to determine the
percentages of calcium and fluorine present in a purple fluorite (CaF2). The results
have been verified by unsupervised machine learning for image segmentation and
are verified by X-ray scattering energy spectroscopy, which is a semi-quantitative
analysis. Furthermore, likewise, the samples are analyzed by atomic absorption spec-
trometry which is a quantitative technique which will analyze the calcium content
present in the purple fluorite samples.

Materials and Methods

For the present study, a sample of purple fluorite from “La Sabina” mine, located
in the state of Coahuila, México between the municipalities of Melchor Múzquiz
and Ocampo, was used. A quantitative chemical analysis using Atomic Absorption
Spectrophotometry (The AAnalyst™ 200 spectrometer) was performed to determine
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the calcium content present in the purple fluorite sample. Three shades of mineral
were analyzed, one that is completely transparent, one with the presence of light
purple, and one that has an intense purple. The purple fluorite samples were dissolved
with hydrochloric acid in a 1:1 ratio with bi-distilled water to be able to analyze them
by Atomic Absorption Spectrophotometry (AAS). The sample was vaporized and
the element of interest (calcium) atomized at high temperatures. The concentration
of calcium is determined by the attenuation or absorption by the atoms of the analyte
of a characteristic wavelength emitted by a light source. The light source has been
a hollow cathode lamp containing calcium in the filament. An air-acetylene flame
(2300 °C) was used to determine calcium. In order to quantify fluorine, it had to be
done by means of X-ray dispersive energy spectroscopy, with the help of a Scanning
Electron Microscope, with field emission (JEOL JSM-6701F, Tokyo, Japan).

The determination of the chemical elements in the mineral of the purple fluorite
sample by digital image processing is done by two stages, the first focuses on the
segmentation of images to isolate the rock that has the mineral of interest and the
second is to determine the amount of the chemical elements present. In stage 1, the
starting point is the acquisition of imageswith a resolution of 720× 1280. The images
are then pre-processed using a medium filter. The unsupervised learning model used
for the segmentation task of the region of interest is k-nearest neighbors, one of the
most used in the statistical classification, standing out for being accurate and not
depending on any distributional assumption [10].

Figure 1 shows the starting point of the algorithm as the segmented image. Subse-
quently, this image of the red, green, blue (RGB) color space is converted to Hue,
Saturation, Value (HSV), since, unlike the first, the second simplifies the execution
of color adjustments. In the next step, the linear regression parameters are entered,
which consist of the predictors for the x ∈ R domain and the estimated values of the
element in the codomain y ∈ R, which consist of the predictors and the estimated
values. Then select in the image the point of interest related to the study mineral,
enter the threshold for the tone values, saturation and brightness around the point of
interest, and with this the present amount of the chemical element is determined by
a previously trained linear regression model.

Results and Discussion

The analysis performed by Atomic Absorption Spectrophotometry shows that the
amount of calcium decreases when the purple fluorite hue becomes a darker purple
and vice versa, when the purple fluorite becomes light the calcium content increases,
which is shown in Table 1 where the content of this element is in the samples and
the clearer the tone of the mineral becomes the greater the amount of calcium that
presents within its structure.

The EDS spectra confirm what was observed with the AAS analysis, where the
concentrations of calcium present in the sample and its distribution are confirmed.
Figure 2a shows an EDS spectrum of the most intense purple fluorite sample where
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Fig. 1 Flow diagram for the
determination of the amount
present of the chemical
element in the ore of interest
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Table 1 Analysis of calcium content in the different purple fluorite samples

Sample type Calcium concentration
sample 1 (ppm)

Calcium concentration
sample 2 (ppm)

Calcium concentration
sample 3 (ppm)

Intense purple sample 9.17 10.03 10.26

Faint purple sample 18.73 19.73 18.86

Transparent sample 26.29 28.15 26.12

calcium peaks are lower than fluorine. Figure 2b shows an EDS from the analysis of
the faint purple sample, showing that calcium peaks have increased and the fluorine
peak has decreased in intensity, so it is consistent with the analyses performed by
the atomic absorption spectrometer. Finally, the most transparent part of the mineral
sample was analyzed, and it was observed that calcium peaks increased considerably
following the trend of the analyses performed by AAS. This is seen in Fig. 3c where
the fluorine peaks are of lower intensity.
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(a) (b)

(c)

Fig. 2 a EDS analysis performed on the intense purple sample, b EDS analysis performed on the
faint purple sample, c EDS analysis performed on the clear sample (Color figure online)

(a) (b)

(c)

Fig. 3 a Calcium and fluorine concentrations present in the clear, b in the light purple, c and in the
dark purple part of the mineral (Color figure online)
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Functional Approximation and Interpolation

For digital image processing an Eq. 1 was used, which is given by the function p(x)
defined in an interval [a,b] approximates a function f (x) in the same interval if

p(x) ∼= f (x) (1)

For the functional approach method to be fully described, two fundamental ingre-
dients are necessary. The function space where the approximation p(x) is chosen has
to be defined. That is, choose the type of approach. The approach criterion is then
defined.

Approximation functions are obtained by linear combinations of elements of fami-
lies of functions called elementary functions, which in general have the form of
Eq. (2).

a0g0(x) + a1g1(x) + · · · + an(x) (2)

where ai, 0 ≤ i ≤ n, are constant to be determined and gi(x), 0 ≤ i ≤ n func-
tions of a particular family. Monomials in x (x0, x, x2, …) constitute the most
commonly employed family or group, whose general combinations polynomial type
approximations, according to Eq. (3).

p(x) =
n∑

i=0

ai x
i (3)

Is a tabular function f (x) (Table 2).
In this case, the exact setting will be used, which will pass the function through all

the points within the table. Once the approximation polynomial has been obtained,
it can be used to obtain additional points to those existing in Table 3.

The procedure for calculating the element percentage is described in Table 3.

Table 2 Tabular function f(x)

Points 0 1 2 … N

X X0 X1 X2 … xn

f (x) f (X0) f (X1) f (X2) … f (Xn)

Table 3 Data for statistical
analysis

Points 0 1 2

X 0.7443 0.7834 0.9833

y(f ) 70.7071 52.4887 13.6882

Y (c) 17.6768 47.5113 86.3118
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In Table 3, there are two functions, one for fluorine y(f ) and one for calcium y(c)
and then an example is made to obtain a function and then perform an interpolation.

Suppose you want to know the value you will have y(f ) when x = 0.8.
One way to solve this problem is to replace points (1) and (2) in the straight line

equation p(x) = a0 +a1x , such that they result in two equations with two unknowns
that are a0 y a1. With the system solution, a first degree approximation is achieved,
allowing linear interpolations to be made, that is, the points (1) and (2) are replaced
on the straight line and the result is (Eq. 4)

[
a0 0.7834a1
a0 0.9833a1

]
=

[
52.4887
13.6882

]
(4)

Solving the system of equations yields

a0 = 204.5463ya1 = −194.0995

The results generate the following Eq. (5):

p(x) = 204.5463 − 194.0995x (5)

By replacing 0.8, the value of fluorine is 49.27% of concentration.

Analysis of the Images

The first selection was made in the white part of the mineral, in this part it is expected
to have lower fluorine content and more calcium. Figure 3a shows the selected part
of the mineral. Figure 3b shows the concentration of calcium and fluorine present in
the clear part of the mineral. The following test shows the selected area, in this case
a part is selected where the concentrations of the mineral are expected to be similar.
Figure 3c shows the mineral analysis in the dark purple part.

Conclusions

Analysis by scanning electronmicroscopy in conjunction with spectroscopy analysis
of X-ray dispersive energies shows that a mineral with high calcium content and
low fluorine is present. The analyses performed by atomic absorption spectrometry
coincide with the approximate percentages of the EDS analyses and the method
based on digital image processing presented in this paper because as the purple color
becomes dim the content of fluorine decreases. The percentage approximation of
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elements in a mineral, employing digital image processing in conjunction with linear
regression presents an efficient tool formineral analysis with low computational cost.
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Degradation of Structure and Properties
of Coke in Blast Furnace: Effect
of High-Temperature Heat Treatment

Jingbo Chen, Wei Ren, Yan Guo, and Shengfu Zhang

Abstract Coke, as one of the main raw materials for blast furnace iron-making,
is consumed in large quantities in the iron and steel industry. Coke performance is
deteriorated by thermal stress, carbon loss reaction, molten slag, iron erosion, and
alkali metal catalytic erosion. Therefore, the degradation of coke properties is very
complicated in blast furnace. The deterioration of coke properties is also closely
related to structural changes. To clarify the relationship between coke properties
and carbon matrix structure during high temperature in the blast furnace, metallur-
gical coke obtained by blending was subjected to heat treatment under N2 at 1100–
1600 °C (corresponding from the lumpy zone to the dropping zone). I-type drum,
universal material testing machine, X-ray diffraction, and optical microscope were
used to characterize the change of coke properties and carbon matrix structure. The
results showed that the compressive strength and particle size of coke will regularly
decrease after heat treatment. The degradation of coke structure and properties is
low below 1100 °C and becomes serious rapidly at 1300–1600 °C. The main reason
for the decrease of coke compressive strength and pulverization is the increase of
graphitization and enlargement of porosity, respectively.
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Introduction

Coke is an indispensable material in the blast furnace (BF) iron-making, playing
a crucial role in providing heat for the blast furnace operation, providing carbon
monoxide for reduction, carburizing to the iron, and supporting the furnace stack to
keep it permeable [1–4]. Then the degradation and fines generation of coke is carried
out at the same time.

Many factors contribute to the degradation of coke, thermal shock impact by high
temperature, the mechanical stress, the carbon solution loss reaction, the alkaline
attack, and shock impact by high-speed blast [5–7]. However, the existing evaluation
index of coke quality in industrial production seriously simplifies the environment
of BF, and only the effect of carbon solution loss reaction was taken into account. In
order to propose an evaluation index that is more consistent with the actual operation
of the blast furnace, the mechanism of coke degradation in the blast furnace needs
to be deepened.

In the upper part of the lumpy zone and the lower part of the cohesive and drip-
ping zone, the degree of carbon solution loss reaction is low. The high-temperature
thermal stress is the main reason for coke degradation in these parts. The effect
of high temperature on coke is mainly concentrated in the following aspects: (1)
crystal structure evolution of coke. In the process of heat treatment, the structure of
amorphous carbon in coke gradually tends to a regular graphite structure. Graphi-
tization of coke leads to the reduced reactivity of coke and the increased strength
after reaction [8, 9]. (2) Further removal of volatile and decomposition of inorganic
components. With the increase of temperature, the residual volatiles in coke will
become gas and escape. Meanwhile, some minerals such as kaolin and quartz will
decompose at high temperatures. These will increase micro-pores and the specific
surface area of coke, resulting in an increase in the porosity of coke and a decrease
in strength, thereby promoting the degradation and fines generation of coke [10, 11].
(3) Thermal stress effect. At high temperatures, the thermal stress will further expand
the coke, and a temperature gradient will be generated on the coke surface and inside.
At the same time, the difference in thermal expansion coefficient between coke and
minerals will lead to stress concentration. This will cause coke cracking and promote
the degradation and fines generation of coke [12–14].

In recent years, with the development of large BF, an increase of pulverized coal
injection rate, and degradation of iron ore grade, coke as the only solid material
remaining throughout the BF is believed to display an accelerated degree of degra-
dation and fines generation [15]. High-temperature thermal shock is considered to be
the main factor affecting coke strength decline and pulverization [16–18]. In order
to degrade these indicators of coke, the effect of high temperature on coke proper-
ties and structure has been widely studied. The strength of coke will continuously
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decrease in a BF, which is the same as when it is affected by high temperature only in
the experiment [19–21]. However, some researchers point out that the compressive
strength of cokewill be greatly improved at high temperatures,which is not consistent
with the deterioration of coke in BF. Strength is only a macroscopic representation of
microstructures [22, 23]. Figuring out what happens to the microstructures of coke is
the key to understand the change of strength. Hilding et al. [24] have found that the
average stack height (Lc) increased linearly with the increase of temperature. Xing
et al. [25] carried out the effect of temperature on porosity and pore geometry in
the temperature range from 700 to 1500 °C under nitrogen or carbon dioxide atmo-
sphere. It was found that heat treatment had a marginal effect on the pore shape of
coke, enlarged pore size, and decreased pore density. Though there is much research
about the effects of temperature on coke properties and structure, the relationship
between coke properties like coke strength and structure is still unclear. In addition,
quantitative analysis of these indicators is still lacking. Degradation priorities and
interactions between different properties have not been investigated.

In this study, coke samples obtained by blendingwere treated at different tempera-
tures, and those samples were comprehensively characterized to reveal the evolution
of coke properties and structure. Through particle size measurement, compressive
strength testing, pore structure analysis, and XRD analysis, the effect of heat treat-
ment temperature on the properties and structure of cokewas found. Furthermore, the
relationship between coke properties and structure during heat treatment is revealed.

Experiment

Sample Preparation

Four kinds of Chinese coal samples, coking coal (ZJ), 1/3 coking coal (1/3ZJ), fat
coal (FM), and lean coal (SM), were selected for study, and their properties are given
in Table 1. The particle size of the selected coal samples ranged from 0.5 to 3.0 mm.
After dried at 110 °C for 2 h in a laboratory oven, the coal samples were mixed and
homogenized in a laboratory mixer according to the composition of 30% ZJ, 40%
1/3ZJ, 20% FM, and 10% SM.

Table 1 Proximate and elemental analysis of four coal samplesa

Coal Proximate analysis (wt%) Elements analysis (wt%)

Mad Ad Vd FCd Cd Hd Nd Od Sd

ZJ 2.30 7.52 20.57 71.90 81.35 4.58 1.45 4.73 0.37

1/3ZJ 2.34 7.12 31.95 60.94 78.30 5.25 0.94 8.24 0.15

FM 1.74 9.61 28.67 61.72 77.27 4.61 1.36 5.68 1.47

SM 1.70 13.92 15.78 70.30 76.44 3.89 1.25 4.50 1.06

a M: moisture, V: volatile, FC: fixed carbon, A: ash, ad: air-dry basis, d: dry basis
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Carbonization of Blending Coal

Carbonization of the prepared samples was carried out in a 2-kg electric furnace with
a dimension of �100 mm × 500 mm. The charge bulk density was 850 kg/m3 (dry
basis). The moisture was controlled at about 10%. On reaching 800 °C at the center
of the charge, the reactor (containing the sample) was transferred to the isothermal
zone of the electric furnace, and a heating rate of 10 °C/min was used to raise its
temperature to 1050 °C. In total, the sample is kept in the furnace for approximately
6 h. At the end of the carbonization, the reactor was removed from the furnace and
cooled to a temperature below 100 °C in the air within 40 min.

Method of High-Temperature Heat Treatment to Coke

A 20 g sample of coke (+10–15 mm particle size range) was contained in a graphite
crucible and then heat-treated through a specific heating system (Fig. 1) in a silicon
molybdenum furnace (Fig. 2). The furnace was heated at a variable heating rate
to the target temperature and kept at a constant temperature for 2 h under the N2

(99.99%) atmosphere with a flow rate of 5L/min. In order to simulate the temper-
ature from lumpy zone to cohesive and dripping zone in a blast furnace, the target

Fig. 1 Schematic diagram of the heat treatment system
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Fig. 2 Schematic diagram of Si-Mo furnace used to heat treatment of coke samples

temperature was adopted to 1100 °C, 1200 °C, 1300 °C, 1400 °C, 1500 °C, and
1600 °C, respectively. The weight losses of the sample were measured by weighing
the samples before and after heat treatment. The prepared coke sample was named
raw coke and other coke samples annealed at different temperatures were labeled as
C-1100, C-1200, C-1300, C-1400, C-1500, and C-1600, respectively.

Particle Size Measurement

In order to simulate the destruction of the mechanical effect on coke in the blast
furnace, the drum method proposed by Nippon Steel was used. The coke samples
heated at different temperatures were taken out for an I-type drum and rotated (20
rotations/min for 100 rotations). Then, the treated samples were sieved by different
screens (15, 10, 5, 1, 0.5, 0.074 mm) to obtain the particle size distribution. Each
coke sample was sieved twice to ensure the accuracy of the data.

Compressive Strength of Coke

The compressive strength of cokewasmeasured through tensile testing on a universal
material testing machine (Tinisolsen CMT7000) at a loading rate of 1 mm/min.
Cylindrical coke samples with a diameter of 10 and a height of 10 were prepared by
wire-electrode cutting. A dynamic compression load was applied across the diameter
of the coke cylinder until the fracture. As shown in Eq. (1), the tensile strength was
calculated from the applied load at breakage and the dimensions of the cylinder
sample.
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C = 4p

πd2
(1)

where p is the largest load and d is the diameter of coke samples.

Pore Structure Analysis

The method for measuring the pore structure of coke refers to Xing et al. [26]. A
Leica DM4 M microscope with Nikon digital camera was used to observe the pore
structure of coke samples. Images were taken from 10 different lumps of samples
to ensure the representativeness of the analysis. The variations in coke macro-pores
were focused on. Therefore, a low power objective (magnification five times) was
used. Image J, an image analysis software developed by NIH, was used to binarize
the captured images. The porosity of the samples was calculated from the processed
images.

XRD Analysis

Carbon structure has an essential influence on the properties of coke. An XRD
analyzer (Escalab 250Xi powder diffractometer) with amonochromator and a copper
Kα X-ray source was used to evaluate carbon structure parameters. The accelerating
voltage and current were 60 kV and 60 mA, respectively. In addition, the samples
were scanned at 4°/min over an angular range of 10° to 90° with a scanning interval
of 4°/step. The broad peak of 2θ ranging from 15° to 50° was fitted by three Gaussian
peaks among 21°, 26°, and 43°, representing the γ-band, π-band(002 peak), and 100
peaks, respectively [27, 28]. From that, the resultant peak position, intensity, area,
and full width at half maximum (FWHM) were determined. In this work, the inter-
layer spacing (d002) and the average stacking height (Lc) and lateral size (La) of the
crystallite were calculated using the classical Scherer equations:

d002 = λ/2 sin θ002 (2)

Lc = 0.89λ/β002 cos θ002 (3)

La = 1.84λ/β100cosθ100 (4)

g =
(
3.8− d(002)A

3.8− 3.354

)2

(5)
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where λ is the wavelength of the X-ray, β is the FWHM, and θ is the corresponding
scattering angle.

Results and Discussion

Effect of Heat Treatment Temperature on Coke Properties

Effect of High Temperature on the Particle Size of a Coke

Fine materials in a BF (material <6 mm) impede gas flow which causes channeling
and uneven heat transfer, reducing process efficiency [29–32]. Therefore, the number
of fines in a BF should be strictly controlled. Fines can be generated in different
regions of the BF, and the primary source of them is coke. Current understanding
of coke degradation and fines generation mechanisms can be summarized as being
due to: (1) mechanical stress and high-impact abrasion; (2) solution loss reaction;
(3) thermo-mechanical impact; and (4) high-temperature chemical attack including
recirculating alkalis.

In the process of coke degradation and fines generation, thermal effects play
a crucial role. Coke under high temperature will lead to secondary carbonization,
which causes lattice structure changes, resulting in coke breakage. Due to different
temperatures in different parts of the blast furnace, the pulverization rate of coke will
be significantly different as a function of carbonization.

The particle size distribution of heated coke samples after treatment in the I-
type drum is shown in Fig. 3. It can be clearly seen that the amount of coke whose

Fig. 3 Particle size distribution of coke after heat treatment at different temperatures
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particle size is located in 0.074–0.5, 0.5–1, and 1–5 mm increase with the increase
of temperature, while the amount of coke whose particle size is located in 10–15 mm
decreases. No significant changes have been observed for the coke, whose particle
size is located in 5–10 mm. These phenomena can prove that high temperatures can
cause coke fines generation. The average coke particle diameter was calculated and
compared with that of the coke sample by tuyere. The average coke particle diameter
from blast furnace inlet to tuyere is approximately decreased by 50–60% [13, 14]. It
can be seen that the particle diameter of coke decreased by 20.27% at most affected
by thermal stress. In a blast furnace, the coke diameter degradation is also affected
by varieties of factors like carbon melting and alkali metals.

Effect of High Temperature on the Compressive Strength of Coke

The compressive strength of coke can effectively characterize its supporting effect
on the material column in the blast furnace. The tensile testing results of coke
samples at different heat treatment temperatures are shown in Fig. 4. The p–d curve
is used to reflect the macroscopic deformation process of different coke samples
which is caused by pressure. The p–d curve shows that the initial deformation
pressure increases rapidly, and the initial deformation pressure tends to decrease
as the annealing temperature increases. Data in Fig. 4 showed that with the increase
of temperature, the compressive strength decreases obviously. However, when the
temperature is lower than 1200 °C, the annealing has no significant impact on the
compressive strength.When the temperature is higher than 1300 °C, the compressive
strength of coke decreases significantly. When the temperature rises to 1600 °C, the

Fig. 4 The compressive strength and p-d curve of coke after different heat treatment temperatures
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compressive strength decreases by about 65%, with a value of 10.297 MPa. There-
fore, the influence of the decrease of compressive strength on coke should mainly
occur in the lower part.

Effect of Heat Treatment Temperature on Coke Structure

Effect of High Temperature on the Pore Structure of Coke

Previous studies have proved that the optical microscope can be used to analyze the
pore structure of coke. The analysis method put forward by Xing et al. [26] is used
to analyze the pore size distribution, porosity, equivalent diameter, and perimeter of
different coke samples.

Figure 5 shows the optical images of different samples. It can be observed that
most pores in raw coke aremicro-pore. The porewalls of raw coke seem stronger than
the samples after annealing. Compared with raw coke, the pore size of the samples
after annealing becomes bigger with the increase of temperature, indicating that the
pore walls disappear at high temperature resulting in micro-pores interconnecting to
formmacro-pores. When the temperature increases up to 1400 °C or 1500 °C, cracks

Fig. 5 Optical images of samples after different heat treatment temperatures. a raw coke; bC-1100;
c C-1200; d C-1300; e C-1400; f C-1500; g C-1600
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Fig. 6 Pore geometry
parameters of coke after
different heat treatment
temperatures

can be clearly seen in Fig. 5f, g. Combined with the trend of compressive strength,
the reason for the decrease of compressive strength is the increase of macro-pores
and cracks.

To better understand, the effect of temperature on coke pore structure, porosity,
pore mean area, perimeter, and equivalent circle on diameter of different samples
was calculated automatically by Image J program, as shown in Fig. 6. The porosity
increases with increasing temperature. Originally, the raw coke has the lowest
porosity of 39.94%. From1100 to 1300 °C, the porosity hasminor increase.However,
after 1300 °C, the porosity rises up rapidly to 65.31%, which is nearly twice of raw
coke. Meanwhile, the equivalent circle diameter has a similar trend to the porosity,
indicating that high temperature is causing the pore formation regularly. Pore struc-
ture has a strong influence on mechanical properties. The increase of coke pores and
the thinning of the pore wall are bound to lead to a decline in compressive strength.
The rapid decline in the compressive strength of between 1300 and 1600 °C also
coincided with the degradation of pore structure.

Effect of High Temperature on the Crystalline Structure of Coke

The microcrystalline structure of coke can broadly reflect the state of the carbon
matrix. X-ray diffraction was used to analyze the trend of the microcrystalline
structure after heat treatment.

The XRD curves (Fig. 7) of different samples are similar. Two obvious diffraction
characteristics, 002 and 100, exist in the XRD curves. With the increase of tempera-
ture, the peak type of peak 002 became sharper, and the acromion became narrower,
indicating that the crystalline structure of coke changed after heat treatment. Further-
more, the graphitization degree (ρ) and characteristic parameters (d002, Lc, La) were
calculated to study the change of crystalline structure. The results in Fig. 8 clearly
show that both Lc and La significantly increased with the increase of temperature,
indicating that carbon structure becomes increasingly ordered and graphitized with
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Fig. 7 X-ray diffraction
spectra of coke after different
heat treatment temperatures

Fig. 8 Structural parameters
obtained from curve-fitting
XRD spectrums

increasing temperature. Graphitization of coke at high temperatures begins at the
coke surface. The same phenomenon is found in the pulverization of coke, indi-
cating that the microcrystalline structure evolution mainly effect on the generation
of coke fines. Moreover, the ρ value increased rapidly and reached 21.48% from
1300 to 1600 °C, which is very similar to the law of coke powder formation. It is
more confirmed that the graphitization evolution of coke is the main reason for the
formation of fine powder at high temperatures.
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Conclusion

In this work, proximate analysis, universal material testing machine, and mechanical
screening were used to analyze the change of coke properties (physicochemical
properties, compressive strength, and granularity) and structure (microcrystalline
structure, and pore structure) after heat treatment. In order to further explore the
causes of these phenomena, an optical microscope and X-ray diffraction were used
to analyze the relationship between properties and structure. The significant findings
are as follows:

(1) The compressive strength and particle size of coke will regularly decrease
after heat treatment. Concurrently, high temperature can destroy the pore walls
resulting in micro-pores interconnecting to form macro-pores. Furthermore,
the graphitization degree of coke will increase, which means the carbon matrix
will be more ordered.

(2) The graphitization evolution of coke is the main reason for the formation of
fine powder at high temperatures. The evolution of the coke pore structure is
the main reason for the decrease of coke compressive strength.

(3) The degradation of coke properties and structure is low below 1100 °C. From
1100 to 1300 °C, the compressive strength decreases a little, the porosity has
a slight increase, and a certain amount of coke fines is generated. From 1300
to 1600 °C, the compressive strength decreases a lot, the porosity decreases
rapidly, and a lot of coke fines are generated.
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Coking Coal Macromolecular Structural
Characteristic and Its Correlations
with the Compressive Strength
of CaO-Containing Carbon Pellets

Xiaomin You, Xuefeng She, Jingsong Wang, and Qingguo Xue

Abstract CaO-containing carbon pellets (CCCP) preparing from well-mixed
coking coal (CC) and calciumoxide (CaO)were roasted at different pyrolysis temper-
atures (400–800 °C). To investigate the effect of roasted temperature on the compres-
sive strength of CCCP, Raman spectroscopy and X-ray diffraction were adopted to
characterizedmacromolecular structure changes of CC in CCCP. The results showed
that the compressive strength of CCCP increased with the increase in temperature.
The compressive strength of CCCP was negatively correlated with the peak intensity
ratio (ID1/IG) value and positively correlated with the peak intensity ratio ( IG/IAll)
value. A linear relationship between the compressive strength of CCCP and the
carbon layer spacing of CC was established. As the temperature increased, the struc-
tural defects and imperfections of carbon crystallites were gradually decreased. The
aromatic carbon layers were more closely packed, which formed high-order CC. As
a result, the compressive strength of CCCP increased.

Keywords CaO-containing carbon pellets · Coal macromolecular · Raman
spectroscopy · X-ray diffraction · Compressive strength

Introduction

China is the largest producer and consumer of calciumcarbide. The annual production
of calcium carbide in China increased in the past decade to approximately 42 million
tons in 2018. Currently, the electrothermal calcium carbide manufacturing process
is used in China as the primary process to produce acetylene [1]. The electrothermal
calcium carbide manufacturing process is characterized by poor kinetic conditions
because of the limited contact area between bulky CaO and char, resulting in a higher
reaction temperature (2000–2200 °C) and high energy consumption (approximately
3000–3500 kW·h/t to obtain 80% calcium carbide yield) [2–6]. The use of new raw
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materials and processes will be essential for calcium carbide production, considering
processes that require lower energy consumption and material efficiency during this
process.

The complete contact of the two materials will improve the mass transfer rate
of CaO and reduce reaction temperature. Several studies have addressed calcium
carbide formation from pellets obtained through well-mixed powder feeds [7–10].
Yin et al. [11] proposed a new process of calcium carbide production which included
a two-step process. Firstly, the CaO-containing carbon pellets (CCCP) by using
mixed lime powder and coal powder were pyrolyzed in a prepyrolysis furnace. Then
the CCCP was placed in the arc furnace for the production of calcium carbide.
In a two-step calcium carbide production process, the pyrolysis process of CCCP
determined the compressive strength of CCCP. Some studies have shown that the
pyrolysis temperature and the coal content have significant impacts on the thermal
strength of the calcium coke [12]. Some studies think that the change in CCCP
compressive strength during the preheating pyrolysis stage could be attributed to the
structural changes in the CC itself [13]. However, only a few pieces of literature have
been found regarding the effect of coal structures on CCCP compressive strength.
Therefore, establishing a relationship between macromolecular structures of coal
and CCCP compressive strength is necessary.

Coal is an organic, porous, and heterogeneous sedimentary rock containing
complex physical and chemical structures. Thus, the fundamental understanding
of the physical, chemical, and structural properties of coal remains paramount and
challenging to coal researchers [14–16]. Fortunately, Raman spectroscopy [17, 18],
X-ray diffraction (XRD) [19, 20], Fourier transform infrared spectroscopy (FTIR)
[21, 22], and solid-state 13C nuclear magnetic [23, 24] have been employed for
quantitative evaluation of macromolecular structures of coal with varying degrees
of success [25, 26]. Raman spectroscopy can explore not only the functional groups
but also the carbon skeleton in coals since its broad determination range. It can also
offer a higher resolution for coal macromolecular structure and is more sensitive to
the change of coal structure than other analytical techniques [27, 28]. This enables
a better understanding of coal macromolecular structure. XRD is basically a non-
destructive and one of the most useful techniques to study the crystal arrangement.
This technique has been adopted extensively to analyze the physical structure of
amorphous substances [29]. The XRD can not only retrieve half of the coal but also
calculate the geometric parameters of the basic structural unit of the carbon atom in
coal [30].

In this study, CaO-containing carbon pellets (CCCP) preparing from well-mixed
coking coal (CC) and calciumoxide (CaO)were roasted at different pyrolysis temper-
atures(400–800 °C). The compressive strength change of roasted CCCP at different
pyrolysis temperatures was analyzed. Raman spectroscopy and X-ray diffraction
were adopted to characterizedmacromolecular structure changes ofCC inCCCP.The
relationship between macromolecular structure changes and compressive strength
was established.
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Table 1 Results of proximate and elemental analysis of coking coal wt%

Proximate analysis Ultimate analysis

Coking coal Mad Aad Vad FCad Cad Had Odiff Nad Sad

9.85 8.19 17.18 64.78 70.40 3.69 4.07 1.09 0.78

Note Ad-air dry basis; diff: difference; FC-fix carbon; A-ash; V-volatile matter; M-moisture

Table 2 Chemical composition of ash from coking coal wt%

Material CaO SiO2 Al2O3 TiO2 Fe2O3 P2O5 Other

Ash 1.01 51.4 38.6 1.23 2.81 0.69 4.26

Sample Preparation and Experiments

Materials

Analytical grade CaO (AR, > 9.0%) and CC were collected from a Chinese steel
plant. They were further dried at 80 °C for 6 h under vacuum and placed in sealed
bags. The chemical composition of the CC is presented in Table 1. The ash obtained
from coal oxidation was characterized by X-ray fluorescence (AXIOS, Holland), as
shown in Table 2.

CCCP Preparation and Roasting of CCCP

The coking coal powder (80 μm) was homogeneously mixed with the CaO powder
(80 μm) at a C/Ca molar ratio of 3.5:1. The mixtures were placed in a stainless-steel
mold and pressed uniaxially using an embedding sample machine (XQ-5, China)
under a pressure of 20 MPa for 2 min. Thus, 3.5 g of the CCCP sample with a
diameter of 20 mm was prepared.

As shown in Fig. 1, a rapid heating tube furnace with controllable cooling speed
was used to heat CCCP. The tube of the furnace is a rigid jade tube with a diameter
of 42 cm, and the thermostatic region is effective in 10 cm. Before conducting the
experiments, the temperature was increased to the target temperature (400, 500, 600,
700, or 800 °C) at a rate of 10 °C/min. The CCCP samples were placed in a corundum
crucible. Following this, the corundum crucible was placed in a constant temperature
zone of the furnace and maintained in an Ar atmosphere for 30 min. After roasting,
the samplewas cooled to 100 °C at a rate of 22 °C/min and kept at that temperature for
5 min under an Ar atmosphere. The pellets were removed from the furnace at 20 °C.
The CCCP can be divided into five categories based on the roasting temperature
(400–800 °C). The results of the elemental analyses of the roasted CCCPs are shown
in Table 3.
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Fig. 1 Schematic diagram of the CCCP pyrolysis preheating device

Table 3 Results of the elemental analysis of CCCP at different pyrolysis temperatures

Sample Ultimate analysis (ad) /wt% Atomic ratio

N C S H Odiff H/C O/C

CCCP-400 °C 0.89 40.39 0.22 2.71 5.66 0.40 0.10

CCCP-500 °C 0.81 36.35 0.24 2.11 7.33 0.34 0.15

CCCP-600 °C 0.80 36.01 0.19 1.86 8.22 0.30 0.17

CCCP-700 °C 0.74 35.83 0.09 1.62 9.07 0.27 0.19

CCCP-800 °C 0.79 36.84 0.11 1.25 8.84 0.20 0.18

Note: ad-air dry basis; diff: difference

Measurement of the CCCP Strength Index

The compressive strength of roasted CCCP at different temperatures is tested in
accordance with MT/T748-2004 [11]. The compressive strength of five groups of
roasted CCCP was measured using a pressure test machine. Each group selected
12 pellets for measurement and calculated the average value after discarding the
maximum and minimum values of the data group.
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Characterization Experiments of CCCP

Raman spectroscopy was used to analyze the carbon structural changes in the CC
of CCCP. The experiments were performed on a LabRAM HR Raman spectrom-
eter (Horiba, Japan) with an irradiation power of 1 mW and a measurement wave-
length of 532 nm in the scanning range of 800–1800 cm−1. X-ray diffraction (XRD;
M21XVHF22, MAC Science Co. Ltd., Japan) was used to detect the phase composi-
tion of the CCCP and the variations in the carbon structure of the CC in CCCP. The
diffractometer employed Cu Kα radiation, and the measurements were conducted in
the 2θ range of 10–90° with the step scan mode.

Results and Discussion

The Change of Compressive Strength of Roasted CCCP
at Different Pyrolysis Temperatures

To avoid disintegration in calcium carbide furnace, the severe cold and thermal
strengths of roasted CCCP are needed to ensure the CO and other gases travel through
the bedmaterial evenly [10]. Therefore, it is of great significance to study the strength
change of roasted CCCP during the preheating pyrolysis process. Prior to compres-
sive strength evaluation, the CCCP samples were roasted at different temperatures
(400, 500, 600,700, or 800 °C) for 30 min.

The compressive strength change of CCCP at different roasting temperatures is
shown in Fig. 2. As the pyrolysis temperature increased, the compressive strength

Fig. 2 Compressive
strengths of the CCCP
samples roasted at different
temperatures
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values of roasted CCCP were increased. When the pyrolysis temperature reached
800 °C, the compressive strength of the roasted CCCP reached a maximum of
8.42 MPa. During the preheating pyrolysis process, with the temperature increase,
CC gradually undergoes pyrolysis reaction to form colloids and solidifies and shrinks
into semi-coke. The process is accompanied by a change of coal macromolecular
structures. It is inferred that more organized coal structures are formed with the
increase of temperature, bringing about the addition of CCCP compressive strength,
which will be inspected next.

The Macromolecular Structure Variation of CC in CCCP
at Different Pyrolysis Temperatures

Raman spectroscopy and X-ray diffraction were adopted to characterized macro-
molecular structure changes of CC in CCCP at different pyrolysis temperatures. We
analyzed the changes of Raman and XRD structural parameters of CC in CCCP at
different pyrolysis temperatures, respectively.

Raman Characteristics of CC in CCCP

Figure 3 shows the Raman spectral curves of studied samples. Clearly, two obvious
peaks at 1350 and 1590 cm−1 are found, corresponding to the D band and G band,
respectively. D band results from the disordered structure or in-plane defects between
the basic structural units in coal, and the G band is related to the breathing of
aromatic rings for amorphous carbonaceous materials [31]. However, the only use
of D and G bands from Raman spectra can lead to the loss of information about coal

Fig. 3 Raman spectra of CC
in CCCP
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macrostructure due to the overlapped area between these two bands [32]. There-
fore, the curve fitting was adopted for the decomposition of Raman spectra. The
detailed instructions about the curve-fitting procedure are described in the literature
800–2000 cm−1 (first-order region) using the Peak Fitting Module of Origin Pro
9.1.0 software (OriginLab Corporation, USA). The goodness of fit is measured by
the maximum values of R2. After the linear baseline subtraction was performed, a
combination of four Lorentzian/Gaussian bands, with D1, D2, D3, D4, G at around
1350, 1720, 1450–1540, 1200–1350, 1580 cm−1, respectively, were interpreted for
this curve-fitting procedure, shown inFig. 4. The detailed band assignment forRaman
spectra in coal is displayed in Table 4.

In general, the ratio of the D1 peak intensity (ID1) to the G peak intensity (IG),
and the ratio of the G peak intensity (IG) to all peak intensities (Iall) were chosen
because they are sensitive to coalmaturation [33]. Thus, these twoRaman parameters
were analyzed in this study. ID1/IG represents the order degree or imperfections of
aromatic macromolecular in coal, and its decrease of ID1/IG means the growth of
aromatic rings. IG/Iall represents the order degree of aromatic macromolecular in
coal, and its increase also means the growth of aromatic rings.

The structural parameters of CC in the CCCP samples are shown in Table 5.
As the temperature increased, the values of ID1/IG for the coal in CCCP gradu-
ally decreased, which indicated that the proportion of the D band representative of
structural defects and the G band representing the ordered structure decreased as the
temperature increases. However, the values of IG/Iall for theCC inCCCP significantly
increased when the roasting temperature increased. This revealed that an increase in
the proportion of ordered structure as the roasting temperature increased.

Therefore, it can be concluded that the different defects and imperfections in the
carbon crystallite structures generally decrease, and the highly ordered structure is
produced as the temperature increases.

XRD Characteristics of CC in CCCP

In order to extract the structural parameters of the CC characteristic (002) peak, we
select a map of 16–33° in XRD to make a curve fitting. The Gaussian fitting method
in the Origin software was used to fit the XRD pattern, and the results of curve
fitting are as shown in Fig. 5. The spectra of XRD were smoothed firstly, and then
the background was subtracted, fitted to two Gaussian peaks named γ-band between
20 and 22° and band (002) between 24 and 26°. Diffraction outlines designate an
obvious asymmetric band (002) prevalence around that suggests the presence of a
second (γ) band towards the left. In many other studies, the γ-band was reported
and was assigned to the existence of a saturated structure like an aliphatic side chain,
which is adheredwith a border of coal crystallites [34]. The band (002) was attributed
to the aromatic ring layers spacing. The sharp peaks represent minerals.

Some of the structural parameters used to characterize the CC include layer
spacing (d002, nm), stack height (Lc, nm). The layer spacing can be calculated using
the Bragg equation and the stack height can be calculated by the half-width of the
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Fig. 4 Curve fitting of Raman spectrum for CC in CCCP

band (002) [35], respectively. The formulas for calculating the structural parameters
are as follows:

d002 = λ

2sinθ002
(1)

Lc = 0.89λ

Bcosθ002
(2)
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Table 4 Summary of band/peak assignment in coals

Band name Band position, cm–1 Vibration mode Bond type

G 1580 E2g symmetry stretching vibration in the
aromatic layers of graphite crystalline

sp2

D1 1350 A1g symmetry graphitic lattice vibration sp2

D2 1720 Disordered graphite lattice structure sp2

D3 1450–1540 Semicircle breathing of aromatic rings;
amorphous carbon structure

sp2, sp3

D4 1200–1350 Aryl–alkyl ether; para-aromatics sp2, sp3

Table 5 Structural
parameters derived from
Raman of coals in CCCP

Temperature (°C) ID1/IG IG/Iall

400 1.20 0.28

500 0.97 0.30

600 0.69 0.35

700 0.50 0.36

800 0.42 0.42

whereλ (nm) is thewavelength of theX-ray used, θ (°) is the corresponding scattering
angle, and B (°) is the FWHM of the 002 peak.

The peak position (2θ), interlayer space (d002), and stacking height (LC) of coal
samples are outlined inTable 6.As can be seen fromTable 6, the positions of the (002)
peaks of the five investigated pulverized coals were substantially similar. The layer
spacings of the crystals of the investigated five coals were 0.36 nm; the difference is
not large. Compared with the layer spacing of pure graphite crystals of 0.3354 nm,
the larger spacing of the pulverized coals crystals and the more relatively open is
their crystal structures. Moreover, the LC values gradually increased as the roasting
temperature increased. This result is consistent with literature results on the structural
evolution of char using other techniques [36, 37], which means that coal structure is
more ordered with an increased temperature.

Relationship Between Macromolecular Structure
and Compressive Strength

It is generally accepted that the compressive strength of CCCP is determined by
the properties of the macromolecular structure of cc in CCCP to a large extent [12,
13]. Therefore, we established a relationship between macromolecular structure and
compressive strength.
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Fig. 5 Curve fitting of XRD for CC in CCCP

Table 6 Structural
parameters of coal-derived
from the XRD patterns of the
CC in CCCP

Temperature/°C 2θ002/(°) d002/nm LC/nm

400 24.99 0.36 1.55

500 24.88 0.36 1.61

600 24.78 0.36 1.75

700 24.60 0.36 1.87

800 24.51 0.36 1.96
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Relationship Between Raman Structural Parameters and Compressive
Strength

The relationship between Raman structural parameters and the compressive strength
is presented in Fig. 6. From Fig. 6a, the compressive strength and ID/IG display a
power functional relation. The compressive strength values decline with increasing
ID/IG. This means that the compressive strength of roasted CCCP was negatively
correlated with the peak intensity ratio (ID1/IG) value.

Apower functional relationship canbe observedbetween the compressive strength
and IG/Iall, as shown in Fig. 7b. However, the compressive strength values increase
with increasing IG/Iall. This means that the compressive strength of roasted CCCP
was negatively correlated with the peak intensity ratio (IG/Iall) value.

Fig. 6 Relationship between compressive strength and Raman structural parameters: a ID1/IG;
b IG/Iall

Fig. 7 Relationship between
compressive strength and
XRD structural parameters
(LC)
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In the process of pyrolysis, as pyrolysis temperature rises a rapid change occurs
within coal macromolecular. The decrease of ID/IG and the increase of IG/Iall mean
that the noncrystalline structure in coal gradually becomes structurally stable and
ordered with the decrease of structural defects after condensation polymerization.
The constant increase in the degree of crystallization enables CCCP to contain higher
compressive strength, which is also supported by a previous study [13].

Relationship Between XRD Structural Parameter and Compressive
Strength

A linear relationship can be observed between the compressive strength and the
stacking height (LC), as shown in Fig. 7, where the best-fit line was y = 12.35x –
23.58 (R2 = 0.99). The compressive strength values increase linearly with increasing
LC value.

In the process of pyrolysis, the aromatic carbon arrangement of coal macromolec-
ular is accompanied by the change of the stacking height (LC), further affecting
compressive strength. As mentioned earlier, a temperature increase resulted in the
increase of LC values. According to graphitization theory, crystalline carbon with
a large LC value is generally considered an ordered structure [35]. The increase of
graphitization degree can trigger the compaction of coal macromolecular, and the
aromatic carbon layers are more closely packed, which improves the degradation
resistance of CCCP to external forces [38]. As a result, the compressive strength
of CCCP increased. According to some researchers [38, 39], the LC of the micro-
crystalline coke structure is linearly related to the cold strength of coke. Similarly,
the coal stacking height (LC) of CC could be employed to predict the compressive
strength of CCCP in the pyrolysis process.

Conclusions

To investigate the effect of roasted temperature on the compressive strength of
CCCP, macromolecular structural characteristics including chemical and physical
structures were studied for coking coal in CCCP. The Raman structural parameters
were obtained from the curve-fitted spectrum. The XRD structural parameters were
obtained from the curve-fitted spectrum and formula calculation. The effect of coking
coal macromolecular structure on CCCP compressive strength was also analyzed,
and the following conclusions are obtained:

1. The compressive strength of roasting CCCP increased with the increase of
temperature during the 400–800 °C range.

2. On increasing the roasting temperature, the ID1/IG values gradually decreased
and the IG/Iall values increased. The various structural defects and imperfections
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in the carbon crystallites were gradually eliminated and more organized char
structures were formed.

3. The LC values gradually increased as the roasting temperature increased, which
means that the coal structure was more ordered.

4. The compressive strength of CCCP was negatively correlated with the peak
intensity ratio (ID1/IG) value and positively correlated with the peak intensity
ratio ( IG/IAll) value.

5. A linear relationship between the compressive strength of the CCCP and the LC

of CC was obtained, as expressed by the linear equation y = 12.35x – 23.58
(R2 = 0.99). The compressive strength values increase linearly with increasing
LC value.
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An Investigation of the Relationship
Between Raw Coal Caking
Characteristics and Its Petrographic
Properties

Yucen Kuang, Wei Ren, Lechi Zhang, and Shengfu Zhang

Abstract In industry, the coking characteristics of coal are mainly based on inves-
tigating the traditional coal chemical indicators, and the coal petrology theory can
better reflect the intrinsic properties of coal, so it is necessary to explore these two
aspects. The relationship between the caking parameters and maceral properties of
coal was obtained by testing and analysis. The results show that the formation of
colloids in coal is mainly related to the vitrinite composition and the Audibert–Arnu
dilatation and caking index are closely related to the average maximum vitrinite
reflectance. According to the softening temperature, the caking property of blending
coal can be improved under the condition of ensuring the formation of colloids
without temperature fault during the process. Since the parameters of macerals have
an obvious effect on caking characteristics, it is of great significance to introduce the
related indexes of macerals into the auxiliary production.

Keywords Plastic layer ·Macerals of coal · Arnu–Audibert’s dilatometer · Caking
index

Introduction

Coke has a pivotal role in the iron and steel industry, which is formed by the high-
temperature carbonization of coal. With the development of extensive research by
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scholars from all over the world, the coking mechanism can be summarized as the
cohesive substance produced by coal during the heating process, which solidifies coal
particles to form coke [1–5]. Therefore, the cohesive substance is a crucial factor in
determining the quality of coke.

Testing the caking property, in terms of the production index reflected in practice,
is one of the important links required by coking. Traditionally, corresponding indexes
in coal chemistry that index of plastic layer, Arnu–Audibert’s dilatometer, and caking
index have characterized caking and coking properties of coal. Conversely, studies
related to the introduction of coal petrology into the coal coking process have grad-
ually emerged in recent years. Many researchers generally believe that the existing
coal chemical indexes are almost the external performance of coal’s internal proper-
ties. Briefly speaking, the corresponding factor of cohesion is related to the essential
attribute of coal [6–8]. Consequently, it is beneficial to reveal external caking prop-
erties by mechanism level after clarifying the relationship between traditional coal
chemical and petrology indexes.

According to many reported results, coal macerals parameters would have an
impact on the caking process of coal to coke transformation. Andrew et al. [9] took
advantage of attenuated total reflectance fourier transform infrared (ATR-FTIR) to
study the pyrolysis process of coals with different vitrinite reflectance at 450–700
°C and found that binding substances were produced with pyrolysis and condensa-
tion at 350–500 °C. Furthermore, Qin et al. [10] investigated the source of cohesive
substance by a solvent method. Two kinds of coal were extracted and back-extracted,
the separated strong binding components derived from the same group even if coal
metamorphism had a different degree. Soonho et al. [11] conducted micro-computed
tomography (micro-CT) and ATR-FTIR research on properties of the plastic layer
and concluded that with the increases content of vitrinite in coal, the total mass of
plastic matter increases. To sum up, all the results investigated the coal’s caking
component and the behavior of coal macerals components are closely related during
the coking process, especially in the relationship of vitrinite quantity and reflec-
tivity to the caking characteristics. Nevertheless, the specific relationship between
the existing cohesiveness indexes and the characteristics of the coal itself has not yet
been investigated.

Thus, the aim of this paper is to clarify the linkages between the coking indexes
and coal macerals properties of different coal types by caking characteristics testing
andmaceral parameter analysis.We selected four typical coals to determine the index
of plastic layer, Arnu–Audibert’s dilatometer and caking index, established relations
between theoretical analysis of macerals and experimental information.
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Experiment

The whole process of the experiment is shown in Fig. 1. The main steps are followed.
Firstly, the basic properties were analyzed after the samples were prepared and then
measured caking index. Finally, the relationship between the macerals parameters
and the caking characteristics was constructed.

Coal Materials

Four types of on-site coal from a Chinese steel plant, labeled with coking coal (ZJ),
1/3 coking coal (1/3ZJ), fat coal (FM), and lean coal (SM). Samples preparation were
carried out in GBT 474-2008 standard procedure. The proximate and ultimate anal-
ysis were tested by SJGFY-5000 proximate analyzer and Unicube-Elementar ulti-
mate analyzer according to GBT 212-2008 andGBT 31391-2015 standard procedure
respectively.

Coal Maceral Analysis

We analyzed the content of exinite (E), vitrinite (V), inertinite, and mineral matters.
Especially the total amount of inertinite components (I) included the inertinite and the
mineral group. The classification standards for coal maceral, micro-mineralization,

Fig. 1 Illustration of the experimental process
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and micro-mineral types were implemented in accordance with GBT 15589-1995
standard procedure. The average maximum reflectance of vitrinite group and the
determination of microscopic composition and minerals were determined following
GBT 694-2008 and GBT 8899-1998 standard procedure. The experiment was
performed using the Axio-Scope A1 fully automatic digital macerals analyzer to
characterize the maceral composition of the coal sample.

Caking Characteristics Test

The measurement of the plastic layer index and Arnu–Audibert’s dilatometer was
carried out by Chongqing research institute of China Coal Technology Engineering
Group. The most well-known method for the index of plastic layer testing is a one-
sided heatingmeasurement, which uses the probe tomeasure themaximum thickness
Y of the plastic layer, and the final shrinkage X according to the volume curve
recorded in the experiment [12]. Many researchers have utilized related parameters
of Arnu–Audibert’s dilatometer to measure the same way which takes the effective
distance of the expansion rod and the corresponding temperature as the relevant
parameters [12–14]. The caking index was measured according to GBT 5447-1997
standard procedure and the experimental machine was performed using the TJNJ-
6JB adhesion index tester. Themethod of determining caking index used the abrasion
strength of the coal sample’s rapid coke formation to indicate the cohesiveness of
the experimental coal sample [15, 16].

Results and Discussion

Table 1 presents the foundational properties of proximate and ultimate analysis of
four coal samples on a dry ash-free basis.

Table 1 Raw coal properties analysis

Coal Proximate analysis (%) Ultimate analysis (%)

Mad Vad Aad FCad C H O N S

ZJ 2.26 20.11 7.35 70.28 76.99 4.58 4.73 2.16 0.76

1/3ZJ 2.28 31.22 6.96 59.55 77.27 4.61 1.34 5.68 1.47

FM 1.61 29.25 6.59 62.54 78.51 4.80 5.68 1.44 0.46

SM 1.62 15.53 13.69 69.13 79.03 4.10 4.50 1.31 1.74

M: moisture, V: volatile, A: ash, FC: fixed carbon, ad: dry ash-free basis
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Fig. 2 Variation of proximate analysis with vitrinite content

Composition Analysis

It can be seen from Table 1 that all the samples contain higher proportions of fixed
carbon and carbon element. Among them, ZJ has the highest fixed carbon, 1/3ZJ
has the highest content of volatile matter and nitrogen, and SM contains the highest
ash and harmful element sulfur. Figure 2 describes details of the variation in proxi-
mate compositions with vitrinite contents in different coal types, which can find that
volatile matter, ash content, and fixed carbon in coal have obvious variety with the
change of vitrinite content. The higher the vitrinite content in coal, the higher its
volatile content, and the ash and fixed carbon content decrease in the general trend.
Hence, it is confirmed that the industrial indicators concerned with actual production
are associated with the content of macerals components.

Coal Macerals Analysis

Themaceral analysis is shown inFig. 3. The four kinds of samples are commonly used
coal with vitrinite as the main part. Additionally, the average maximum reflectance
of vitrinite in oil (Rmax) varies from 0.85 to 1.71%. From the order of the Rmax, it is
demonstrated that the coal rank is SM (1.71) > ZJ (1.23) > FM (1.01) > 1/3ZJ (0.85),
which same as confirmed by the order of volatile content in proximate analysis. Also,
it shows that as the coal rank increases, the vitrinite content gradually decreases, and
the inertinite content gradually increases.
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Fig. 3 Macerals content distribution of raw coal

Coking Characteristics of Raw Coal

The test results of the raw coal’s coking characteristic indexes are shown in Table 2.

(1) Index of plastic layer

Y stands for themaximum thickness of the plastic layer, which evaluates the cohesive
ability of the coal type through the colloid amount. The larger the value of Y is, the
stronger the cohesive ability. X means the final shrinkage and reflects the amount of
colloid escaping after coking, to judge the coke cake properties and the impact on the
coke pushing process. The larger the X value is, the stronger the coke cake shrinkage.
From Table 2, we can see that the order of the cohesive capacity of raw coal reflected
by the index of plastic layer is 1/3ZJ > FM > ZJ > SM. The coke produced by 1/3ZJ
and FM has strong coke cake shrinkage, small coke lumps and many cracks, but it

Table 2 Test results of cohesiveness of raw coal

Coal Index of plastic
layer

Arnu–Audibert’s dilatometer Caking index

X/mm Y /mm b/% a/% T1/°C T2/°C T3/°C �T /°C G

1/3ZJ 8.0 48.0 Shrink only 38.0 339 – 452 113 80

FM 22.5 45.0 73.0 33.0 362 – 474 112 74

ZJ 7.0 35.0 Shrink only 13.0 423 – 501 78 70

SM 7.0 26.0 Shrink only 9.0 453 – 504 51 40
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is beneficial for pushing coke. The characteristics of ZJ and SM are opposite to the
above two.

(2) Arnu–Audibert’s dilatometer

The degree of expansion b is mainly influenced by the airtightness of the coal sample
after heating and the rate of gas evolution during plasticity. Therefore, the higher the
b value is, the better the colloid fluidity, the thermal stability and the uniformity of
the resulting coke. The degree of shrinkage a is mainly used to evaluate the cohesive
ability by the number of colloids. The larger the a value is, the stronger the cohesive
ability. T 1 reflects the starting temperature of colloid formation, T 2 represents the
starting temperature of colloidal solidification (because only FM shows expansion in
the experimental coal samples, T 2 is not discussed in this experiment), T 3 indicates
the formation temperature of semi-coke, �T (�T = T 3 − T 1) shows the size of
the temperature interval for colloid formation. All the kinds of temperature indexes
indicate the length of the residence time of coal in the colloidal state. The longer the
temperature interval is, the longer the residence time in the colloidal state and more
conducive to the full caking of coal particles during the coking process.

As shown in Table 2, the order of the cohesive capacity of the raw coal measured
by Arnu–Audibert’s dilatometer is 1/3ZJ > FM > ZJ > SM, which is the same as the
measurement of the plastic layer index. The temperature order of T 1 and T 3 are SM
> ZJ > FM > 1/3ZJ, indicate the weaker caking ability and the higher temperature
is required for the precipitation and curing of colloid. From the perspective of coal
types, the overall fluidity of FM colloids is better, but a larger amount of FM addition
will increase coke cracks. 1/3ZJ not only produces more colloids but also produces
a longer range of colloids, and the colloid has a strong caking ability after curing, ZJ
and SM were the opposite.

In particular, Fig. 4 is obtained by analyzing the softening interval of each coal
type. The softening interval of the experimental coal samples is distributed between

Fig. 4 Distribution of softening interval of various coals
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339 and 504 °C, but the specific softening interval of each coal type is different.
According to the colloidal layer overlapping coal blending theory, during the coking
process, the blended coals have a longer temperature range, the more benefits to
improving the coke quality. The softening interval of single coal is narrow, but the
softening intervals of different coal types have overlapping areas. Therefore, coking
with coal blending can be used to ensure that the coal can be in a long plasticity range
without temperature breaks of colloids, thereby improving the caking process.

(3) Caking index

The determination of the caking index test requires adding the anthracite.And it needs
to be bonded with the coal samples. The result of the index was 1/3ZJ > FM > ZJ >
SM can be seen from Table 2, which is consistent with the order of colloid volume
and consolidation capacity determined by the above two indicators. Although G is a
comprehensive index, compared with the index of plastic layer and Arnu–Audibert’s
dilatometer, it is not helpful to evaluate the shrinkage capacity, cracks, and the size
of the coke cake. G needs to be used in conjunction with other indicators.

The Relationship Between Macerals Components
and Coking-Related Index of Raw Coal

As mentioned above, the Y in the colloidal layer test experiment reflects the amount
of colloid. The a in Arnu–Audibert’s dilatometer is similar to the Y, which reflects the
amount of colloid. According to previous studies [17–20], the macerals of vitrinite
and exinite affect the formation of activemelt, also the inertinite groupmainly affects
the formation of the coke framework during the coking process. Hence, it could
conceivably be hypothesized that the value of Y and a are mainly related to the
content of macerals. Figure 5 is obtained from a mapping of the value of Y and a,
and the content of coal macerals. We can see that the higher vitrinite content, the

Fig. 5 Variation of colloid related parameters with coal macerals: (a) Relationship between Y and
content of coal macerals; (b) Relationship between a and content of coal macerals
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Fig. 6 Variation of vitrinite reflectance with coking performance: (a) Relationship between T1,
T3, �T, and Rmax; (b) Relationship between G, X, and Rmax

larger is the value of Y and a. This result further supports the idea that the more
vitrinite content, the more colloidal body is produced. However, due to the low
inertinite content, it cannot distinguish the individual effects of inertinite group.

On the other hand, the values of X, b, T 1, T 3, �T, and G in the cohesive property
index all characterize the quality of colloid, and the coal maceral indicators that
affect colloid quality should be mainly coal rank. Owing to three of the four coal
samples showing the only shrinkage, temporarily consider the relationship between
the remaining indicators except for b and Rmax are plotted in Fig. 6. It can be seen that
as the coal rank increases, T 1 increases which means the solidification temperature
of colloid moves back, T 3 also increases which proves the temperature of colloid
formation in the solid state shifts back, and the decrease of �T indicates that the
range of colloidal plastic state is shortened. From the decreases inG, it can be known
that the cohesiveness of colloid has decreased. However, the trend variation of X has
increased firstly and then decreased with the rise of coal rank. A possible explanation
for thismay be thatX characterizes the amount of colloid escaped after coking, which
is related to the internal evolution of coal molecules.

Taken together, these results suggest that although the current indicators include
airtightness, total amount, and cohesiveness of colloids have been delineated, there is
no indicator to fully reflect the properties of colloids, and it is impossible to directly
determine whether the coking process of colloids is good or not for a coal type.
However, the artificially prescribed coking evaluation index and its coal macerals
properties have a clear connection. These relationships may be explained by the
coking evaluation index is a macroscopic representation of coal macerals properties.
Therefore, it is a scientific and effective evaluation method to consider introducing
maceral indicators instead of the traditional coking indicators to evaluate the coking
capacity of coal.
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Conclusion

The objective of this work was to examine the relationship between coal’s caking
properties and coal petrological parameters. It has been clearly by testing four coal
caking property indexes and coal macerals parameter analysis. Themain conclusions
drawn from this work are as follows:

(1) As the coal rank increases, the volatile content gradually decreases, and simi-
larly, the vitrinite content gradually decreases, but the inertite content gradually
rises. The more vitrinite content, the more colloids are produced, and the coal
index affects the colloid quality is mainly coal rank.

(2) There are overlapping regions in the colloid generation interval of each coal
type. Coking with many kinds of coal can expand the colloid layer generation
interval and regulate the amount of colloid formation and volatilization under
the condition of ensuring that there is no temperature fault in the formation of
colloids.

(3) The indicators that characterize the amount of colloidal mass, such as the
maximum thickness of the colloidal layer Y and the degree of shrinkage a, are
mainly affected by the content of the microscopic components of macerals.
The indexes that characterize colloidal physique, such as final shrinkage X,
softening temperature T 1, curing temperature T 3, and cohesiveness index G,
are mainly affected by coal rank. Therefore, it is feasible to introduce maceral
indexes to replace the traditional coking indexes to evaluate the coking capacity
of coal.
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Abstract The study of the benefit of noble metals is of utmost importance at an
industrial level, when dealing with a mining-metallurgical waste the complexity of
the process increases due to factors such as the characteristic refractoriness of these
wastes. As an alternative to try to achieve the highest silver dissolutions, a chem-
ical granulometric analysis was performed where it was determined that 40.61% of
silver contained in the tailings sample is below 325 mesh (44 µm). Also, grinding
tests were carried out in periods of 20–40 min to determine the operating parameter
in the leaching. The leaching experiments were carried out in times of 24, 48, and
72 h, to samples of the whole tail, with grinding of 40 min and with pyrometallur-
gical pretreatment (roasting), using a constant concentration of cyanide of 0.1% and
calcium oxide at the 0.2% reaching a maximum silver dissolution of 69.19%.
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Introduction

At present, Mexico is not exempt from the adverse international outlook, the mining
sector has been affected in the activity of exploration as it is unable to reduce pre-
operating expenses in this area, which has generated a decrease in investment capital
[1]. In addition, there is a deficit to satisfy the demand for precious metals from
simple minerals, due to the massive exploitation of gold, silver, copper, and zinc
deposits, which has led to the search for alternatives to recover these metals [2].
Currently, there are options, such as recycling and the recovery of mining waste by
leaching with pretreatments [3, 4].

This last alternative of metal recovery represents an important source, based on
the fact that there is a large amount of waste with significant gold and silver values.
That is, these metals remain in the tailings, because the minerals benefited through
conventionalmetallurgical processes did not achieve a complete release of said values
[5, 6]. An additional benefit provided by this research is an alternative for remedi-
ation of affected sites where metallurgical mining waste has been deposited when
reprocessing and removing this waste due to its negative impact on the environment
[7, 8].

Today, it is possible to achieve a profitable recovery of these preciousmetals, using
alternative metallurgical processes, capable of extracting a significant percentage of
the metallic content. However, the re-processing of these residues still represents
a challenge for metallurgy, since the noble metals are related to other elements or
encapsulated in more complex mineral species [9].

Regarding this has been reported in previous works the silver dissolution
contained in mining waste with concentrations of 71 g Ag ton−1, reaching maximum
dissolutions of 97% [10].

On the other hand, Coronado et al., in 2012 managed to obtain refractory concen-
trates difficult to leach from the processing of heavymineralswith high pyrite content,
for which they used the roasting method to oxidize a refractory concentrate of gold
and silver and thus make it more susceptible to cyanidation. The optimal recovery
result was achieved by roasting the concentrate for 4 h at a temperature of 600 °C,
after a cyanidation of 20 h, where the consumption of lime to raise the pH (11.3)
increased notably to 25 kg m3 [11].

Unlike the previous work, Wei et al., in 2016 carried out the extraction of silver
from a refractory mineral with low Au–Ag grade through a cyanidation process and
a reductive leaching pretreatment in the presence of copper, in alkaline solution of
ammonium and sulfate of ammonium, with concentrations of 2 mol L−1 and 1 mol
L−1, respectively, 4 g of copper wire and using a stirring speed of 300 min−1 for a
period of 4 h, thus obtaining, a recovery of 78.96% [12].

In turn, Celep et al., in 2019 through a mineral release analysis and a diagnostic
leaching, subjected an extremely complex arsenical silver mineral to an ultra-fine
grinding of up to 8 µm, taking the cyanide leaching of a 71–84% of recovery [13].

The purpose of this study was to determine the optimal operating conditions for
the benefit of tailings from the state of Morelos by applying grinding and conducting
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conventional leaching experiments with the addition of a roasting pyrometallurgical
pretreatment and achieve the maximum dissolution of gold and silver values.

Experimental Methodology

The tests were carried out for particle reduction by using a ball mill, where the
variables of time and granulometry were analyzed. For this process, a kilogram of
sample was introduced, using a volume of water of 8 L, at a speed of 17.65 min−1

and 30% of the volume in a ball bed. The milling times studied were 20, 30, and
40 min to carry out the elaboration of the granulometric and graphical analysis of
the K80, corresponding to each time tested.

For the pyrometallurgical pretreatment, the roasting was applied to a 1 kg of
sample with operating parameters of 60 min at 800 °C with an air pressure of 8 L
min−1–10 min−1, by using a rotary reactor with oxygen injection, model Carbolite
LP/ME-12, which has the ability to heat and stir the material through a 315° angle
rotation system in both directions and a speed changer of 1–10 min−1.

The tailings leaching experiments from the state of Morelos were carried out
in times of 24, 48, and 72 h, with 0.1 and 0.2% concentration of cyanide and
calcium oxide, respectively, these values were maintained throughout the experi-
ment, carrying out samplings and titrations in periods of 6 h, compensating the
amounts of cyanide and calcium oxide required by the process.

Four different leaching experiments were carried out, the first was carried out with
the sample all one, the second experiment was carried out with a 40-min grinding and
the pyrometallurgic pretreatment, the thirdwas carried outwith a 40-mingrinding and
the pyrometallurgic pretreatment. Finally, the fourth experiment, unlike the previous
ones, an increase of 0.05% in the cyanide concentration was applied with the ground
sample for 40 min and with a roasting pyrometallurgical pretreatment, the foregoing
in order to determine whether there is a significant increase in the dissolution of
silver or gold.

Results

Following are presented the results of the leaching experiments with grinding and
roasting pyrometallurgical pretreatment carried out on tailings from the State of
Morelos, Mexico.
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Grinding

Figure 1 shows the grinding results for the tested times of 20, 30, and 40 min,
obtaining as a result a K80 of 66.31 µm in a period of 20 min which is insufficient to
release the silver values, the following period studied was 30 min, achieving a K80

of 63.84µm, however, to achieve the highest release of silver values, the mechanical
reduction of the mineral sample to 44 µm is recommended, the above with the
objective that the leaching solution enters greater contact with the solid. Finally, the
grinding was carried out at 40 min, achieving a particle size of 43.59 µm, for this
reason the grinding time was stopped in 40 min, since reducing the particle size
too much favors the formation of agglomerates, creating a layer liquid around the
powders of the sample, which avoids the contact of the solutionwith the solid particle
[14].

According to the results obtained from the grinding process, it was determined to
use the mining metallurgic waste obtained after a 40-min grinding for the leaching
experiments with a percentage of 74.63 below the 325 mesh and a particle size of
44 µm as shown in Table 1.

Fig. 1 Behavior of grinding at different times and determination of K80
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Table 1 40-min grinding mining waste from Morelos

Grinding at

Product Opening % % 40 min

Mesh mm Weight Cumulate (+) Cumulate (−)

+65 # 210 0.0 100.00 0.0

−65 + 100 # 149 0.25 99.75 0.25

−100 + 150 # 105 1.20 98.55 1.45

−150 + 200 # 74 3.15 95.40 4.60

−200 + 325 # 44 15.08 80.32 19.68

−325 + 400 # 37 5.69 74.63 25.37

−400 # 74.63 0.00 100

Leaching Tests

Cyanide Leaching

Table 2 shows the results obtained from three direct leaching to the tailings, without
grinding or pyrometallurgical pretreatment, the reaction times were 24, 48, and 72 h,
reaching 38.84%, 41.70%, and 44.30%of silver dissolution and 16.67%, 33.33%, and
41.67% for gold, respectively. From the above, it is highlight Table 2 at the dissolution
process of the precious metals Au and Ag had different behaviors, since as can be
seen in Table 2; for the same reaction times, different percentages dissolution were
achieved, mainly in the first 48 h, in the case of gold, it had a progressive increase as
the reaction time increased, however, for silver, the onset of the reaction was faster
the first 24 h with respect to gold and later it becomes slow increasing only 5.5% of
silver in the dissolution liquors in the following 48 h of reaction.

Cyanide Leaching and Grinding for 40 min

Three leaching was carried out with the ground tailings for 40 min, without previous
roasting treatment, obtaining 47.41%, 49.91%, and 54.29% of dissolution for silver
and 25%, 41.67%, and 50% for gold, in times of 24, 48, and 72 h, respectively, as
shown in Table 3.

When comparing the percentages of silver dissolution from the unmilled tailings
sample with respect to the dissolution percentages obtained with the tailings sample
subjected to the milling process, an increase of 10% of leached silver is observed,
suggesting that the grinding process has no significant effect, because the mineral
species that contains the silver is a complex sulfide, as had been reported in a previous
study [15].
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Cyanide Leaching, Sample with Roasting Pretreatment
and 40 min of Grinding

Subsequently, the leaching of tailings previously roasted was carried out, in order to
achieve the conversion of complex sulfides to simpler sulfides, reaching 55.74, 60.20,
and 69.19% dissolution for silver and 42.11, 52.63, and 68.42% for gold, the results
of these tests are presented in Table 4. A considerable increase in silver and gold
dissolution is highlighted compared to the test without the roasting pretreatment,
leading to a 54.29% silver and gold dissolution up to 69.19% and 50%–68.42%,
respectively, in a 72-h leaching time.

Cyanide Leaching, 40-min Grinding, Roasting Pretreatment,
and Increase in Cyanide Concentration to 0.15%

In this phase of the experimentation, the test was carried out by increasing the cyanide
concentration to 0.15% with the ground tailings and the roasting pretreatment. The
following results were obtained 58.57, 64.45, and 68.48% of dissolution for silver
and 42.11, 52.63, and 68.42% for gold, as shown in Table 5.

This showed that there is no significant increase in the dissolution of the precious
metals Ag and Au, when increasing the cyanide concentration. This also reveals that
the system was saturated with cyanide, so it is recommended not to increase the
cyanide concentration [16].

Conclusion

The performance of the grinding process did not have a significant impact on the
dissolution of the metallic values of silver and gold, it revealed that the particle size
is not of great relevance for the experiments carried out in this research, the above
due to the fact that we have a complex sulfide as a mineral species which contains
the silver. Additionally, since it deals with the benefit of a complex mineral, the
pyrometallurgical pretreatment proposal favored the dissolution of silver and gold,
going from 44.30 and 41.67% in leaching tests of the sample all one to 69.19 and
68.42% in the leaching tests with roasting pretreatment, respectively, revealing an
increase in the dissolution percentage of 24.89% in the case of silver and 26.75% for
gold.
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Application of Subnanosecond-Pulsed
Dielectric Barrier Discharge in Air
to Structural and Technological
Properties Modification of Natural
Minerals

Igor Zh. Bunin, Natalia E. Anashkina, Irina A. Khabarova,
and Maria V. Ryazantseva

Abstract The application of the high-energy impacts is a promising approach to
effectively disintegrate fine-disseminated mineral complexes, and modifying the
surface structure and technological properties of geomaterials (minerals, rocks, and
ores). In this paper, the main results of the experimental studies on the direc-
tional modification of the surface morphology and phase composition as well as
the physicochemical properties of semiconducting ore minerals and quartz under
subnanosecond-pulsed dielectric barrier discharge in air at atmospheric pressure are
presented. The rational parameters of discharge initiating electromagnetic impulses
are recommended: timp = 10 μs is the pulse duration, tfr = 250–300 ns is the dura-
tion of the leading edge of the pulse, U = 20 kV is the amplitude of pulse, and f =
15 kHz is the pulse repetition rate. We used scanning electron microscopy, micro-
hardness testing, wetting angle determination, electrode potentialmeasurements, and
other methods. The results are compared with those obtained from method of the
high-power nanosecond electromagnetic pulses minerals irradiation.

Keywords Sulfide minerals · Quartz · Dielectric barrier discharge · High-power
nanosecond pulses · Scanning electron microscopy · Surface morphology ·
Microhardness · Electrode potential · Flotation

Introduction

In Russia and in the world, the extensive studies have been performed using such
energy impacts as radiation, ultrasonic, mechanochemical, electrochemical, pulsed-
power energy, and plasma treatment for selective disintegration of fine-disseminated
mineral complexes, directional change in the surface properties of minerals and an
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increase in the contrast between their structural–chemical and technological (flota-
tion) properties [1–3]. Recent years, the growth of interest in low-temperature atmo-
spheric plasma (LTP), which is a quasi-neutral medium that contains positively and
negatively charged particles, radicals, and ultraviolet radiation, have seen [4].

LTP is a source of strong oxidizers in an oxide-containing medium (e.g., O, OH,
HO2, H2O2, and O3). Chemically active plasma allows us to conduct selective chem-
ical reactions at extremely high rates [4, 5]. The nonequilibrium low-temperature
plasma of dielectric-barrier discharge (DBD [6, 7]) is characterized by high elec-
tron temperatures and low temperatures of the working gas. LT-plasma of dielectric
barrier discharge in air at atmospheric pressure is considered as the safest, most
precise technological tool for modifying the composition, structure, and surface
properties of different materials, including geological materials (minerals, rocks,
and ores) [8–10].

In this paper, we report the results of experimental investigations on the effect
of low-temperature plasma from a DBD at atmospheric pressure and other effective
factors resulting from a discharge have on the surfacemorphology (SEM), hydropho-
bicity (contact angle of wetting), microhardness (Vickers), and flotation activity of
semiconductor ore minerals (e.g., sulfides: galena PbS, pyrrhotite FenSn+1, chalcopy-
rite CuFeS2, arsenopyrite FeAsS, pyrite FeS2, and sphalerite ZnS) and natural dielec-
tric mineral quartz SiO2. Additional studies were performed using polished sections
of eudialyte (ideal formula of eudialyte itself, Na15Ca6Fe3Zr3Si26O72(O, OH)2Cl2
[11]). The results are compared with those obtained from method of the high-power
nanosecond electromagnetic pulses (HPEMP, [12, 13]) minerals irradiation.

Experimental

Minerals

We performed our studies using monomineral fractions (particle size, 63–100 μm,
arsenopyrite, pyrite) and plane-parallel polished sections of galena, pyrrhotite, chal-
copyrite, sphalerite, veined milk-white quartz, and eudialyte 10 × 10 × 4.5 mm in
size. The total contents of elements in the mineral samples of sulfides (Table 1) were
determined via inductively coupled plasma atomic emission spectroscopy using a
Varian Vista CCD Simultaneous ICP–AES unit. The detailed chemical composition
of arsenopyrite and pyrite specimens and impurity content in them are summarized
in our previous paper [14].

The chemical composition and contents of impurities in a quartz sample (wt %:
SiO2, 99.11; Al2O3, 0.61; C, 0.08; K2O, 0.07; Na2O, 0.05; TiO2, 0.03; Fe2O3,
0.03; CaO, 0.03) were found via X-ray fluorescence analysis using an ARL
ADVANT’X X-ray fluorescence spectrometer. Also, we used samples of eudialyte
(Lovozero deposit, Russia; eudialyte is a complex ring silicate of zirconium, iron,
manganese with triple and ninefold rings; chemical formula of eudialyte samples,
Na15Ca6(Fe2+, Mn2+)3Zr3[Si25O73](O, OH, H2O)3(OH, Cl)2).
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Table 1 Chemical composition of sulfide mineral samples (wt%)

Sample Fe S As Cu Pb Zn Sb Ni Ca Si Total

PbS 1.40 15.60 0.45 0.10 56.70 8.75 – – 0.24 16.76 100

FenSn+1 59.80 39.20 – 0.04 – – – 0.03 0.55 0.38 100

CuFeS2 27.53 29.20 0.01 28.55 3.20 1.91 0.1 – 0.70 8.80 100

ZnS 4.08 29.30 0.2 0.28 6.61 59.32 0.01 – 0.20 – 100

FeAsS 30.79 19.60 40.30 0.02 0.01 – 0.04 – – – [14]

FeS2 40.61 49.89 0.69 1.29 0.88 0.28 1.17 – – – [14]

Impulse Generators

We treated mineral samples under normal conditions of a pulsed (subnanosecond)
dielectric barrier discharge in air at atmospheric pressure on an experimental labo-
ratory setup at the IPKON RAS (Moscow) and NPP FON (Ryazan). In this work,
we established the rational parameters of pulses that initiate a discharge at which the
greatest changes in the structure-sensitive properties of minerals are observed: the
length of the leading edge of a pulse is 250–300 ns, the length of pulse is 10 μs, the
electrode voltage in the barrier discharge cell is 20 kV, and the frequency of pulse
repetition is 15 kHz. The range of change in the duration of the sample LTP-treatment
is ttreat = 10–150 s. The flow of a discharge current in a discharge cell was limited
by one dielectric layer, and the length of the inter-electrode space is ~5 mm.

Additional research on the processing of minerals with high-power nanosecond
electromagnetic pulses (HPEMP) was carried out using a special nanosecond pulse
generator. The generator operates at a frequency of 100 Hz (pulse repetition rate), the
output pulse amplitude is ~25 kV, the duration of the leading edge of the pulse varies
from pulse to pulse within 2–5 ns, and the pulse duration varies within 4–10 ns. Video
pulses of a bipolar shape are generated, pulse energy ~0.1 J, electric field strength in
the inter-electrode gap is (0.5–1) × 107 V × m−1, time range of the minerals pulsed
treatment is ttreat = 10–150 s.

Analysis Methods

The morphological features of the surface of minerals were studied on thin polished
sections using scanning electron microscopy on a LEO 1420VP SEM–EDX micro-
scope equipped with an INCA Oxford 350 analyzer, and a scanning electron micro-
scope Hitachi Tabletop Microscope TM 4000 Plus. The microhardness of the
minerals was determined according toVickers (HV,MPa) using a PMT-3M (LOMO,
Russia) microhardness tester. The load on the indenter was 50–100 g for sulfides and
200 g for quartz and eudialyte; the period of loading was 10–15 s. The contact angle
of wetting (�°) of the initial surfaces and the surfaces altered via plasma treatment of
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the polished mineral sections was measured using drops of distilled water with diam-
eters of ~2–3 mm resting on them using a digital optical microscope and the ImageJ,
DropSnake, and LB-ADSA programs [15]. The electrokinetic potential (ζ-potential,
mV) of the ground eudialyte samples (particle size, <50 μm) was measured on a
Microtrac ZETA-Check Zeta Potential Analyzer.

The floatation of arsenopyrite, pyrite, and sphalerite (before and after plasma treat-
ment) was conducted using weighed quantities of minerals of 1.0 g on a laboratory
floatation setup with a chamber volume of 20 mL. The consumption of potassium
ethyl xanthate (PEX) was 200 g/t for arsenopyrite and pyrite and 50 g/t for sphalerite;
pH 9.5 (CaO).

We measured the electrode potential (E, mV) of pyrrhotite by potentiometric
titration with simultaneous monitoring of the potential of the mineral and the pH of
the medium (pH 5–12). The effect of HPEMP-irradiation on the flotation activity of
pyrrhotite was assessed by the yield of minerals into the foam product in the presence
of the following flotation reagents: butyl xanthate 50 mg/L, sodium dimethyldithio-
carbamate 150 mg/L, and methyl isobutyl carbinol at pH 10.5. Flotation experiments
were carried out in a laboratory flotation machine with a 20-ml chamber on weighed
portions of 1 g of minerals with –100 + 63 μm in size. The agitation time with the
reagents was 1 min and the flotation time was 2.5 min.

Results and Discussion

During the low-temperature plasma treatment of mineral samples, the temperature
of the gas (ionized air) did not exceed that of the dielectric barrier in the working
zone of the discharge cell of the dielectric barrier discharge and remained around
room temperature at ttreat = 10–60 s.

Polished sections of the minerals were placed in a discharge so that the working
(controlled) surfaces of the samples were located on the surface of the dielectric
barrier. Themineral surfaceswere treated in a strong electric field under conditions of
DBD radiation, an ion wind, the transfer of electric charge to the samples surfaces, an
elevated temperature of the dielectric barrier, and a high concentration of chemically
active particles.

As a result of the impact of the electric field, microdischarges in the DBD cell,
and the ozone formed in electric discharges, we observed a number of changes in the
surface morphology, microhardness, and hydrophobicity of the minerals. Regular
defects formed on the galena surface (Fig. 1a), due to the removal of microcrystal
fragments, and mineral microhardness HV falling from ~ 120 MPa (in the untreated
state) to 92MPa (ttreat = 50 s); the relative change (drop) in microhardness was�HV
≈ 23%. Regular and irregular defects formed on the chalcopyrite surface (Fig. 1b),
and micropaths of dielectric breakdown on the surface of sphalerite were enclosed
in a sintered material of (presumably) oxide (hydroxide) micro- and nanophases
(Fig. 1c), which reduced the microhardness of chalcopyrite by ~30% (from 490 to
345 MPa) and that of sphalerite by ~18% (from 315 to 260 MPa).
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Fig. 1 SEM micrographs of a galena, b chalcopyrite, c sphalerite, and d pyrrhotite surfaces after
exposure to a dielectric barrier discharge (ttreat. = 10–30 s)

Mineral particles of the crushed sulfides samples were separated from the dielec-
tric barrier by a small air gap, allowing the particles to move freely (hang) over
the barrier during a discharge. In this case, the particles were affected by the high-
intensity pulsed electric field, ion wind, and such chemically active compounds as
ozone and nitrogen oxides [16]. The flotation activity of the sulfide minerals changed
as a result of ttreat = 10–30 s of preliminary plasma treatment of our arsenopyrite,
pyrite, and sphalerite samples: the flotation of sphalerite rose by 6% (from 45 to
51%), and in contrast, the recovery of arsenopyrite and pyrite into foamy products
of flotation fell by 5% (from 12 to 7%) and 22% (from 37 to 15%), respectively.

The effect of dielectric barrier discharge caused an effective changes in the surface
morphology (Fig. 1d) and electrode potential of pyrrhotite: in the range of pH 9.5–
12, the largest changes in the electrode potential were established for the mode of
short-term (ttreat = 10 s) treatment of the mineral. The shift of the electrode potential
to the region of negative values (E = –60 mV) occurred, which caused the effect of
a decrease in the sorption and flotation activity of pyrrhotite.

As a result of short-term (ttreat = 10 s) treatment of pyrrhotite samples by high-
power nanosecond electromagnetic pulses (HPEMP), a shift of the electrode potential
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of the mineral in the direction of negative values occurred. The maximum difference
in the values of the electrode potential before and after the electric pulse treatment
was achieved in an alkaline medium at pH 10. The minimum sorption of the flotation
reagent butyl xanthate (decrease by 17%) on the surface of pyrrhotite was also found
under a short-term pulse treatment (ttreat = 10 s). Thus, a sharp shift in E of pyrrhotite
to the region of negative values caused a decrease in the sorption of the anionic
collector on the mineral. Preliminary electric pulse treatment of pyrrhotite during
ttreat = 10 s caused a decrease in the hydrophobicity of the surface and floatability of
the mineral in the presence of a flotation reagent (dimethyldithiocarbamate), which
corresponds to the data on the highest content of oxidized ferric iron on the mineral
surface [17, 18]. Thus, the advantages of using the short-term (ttreat. = 10–30 s) energy
impacts for structural and chemical modification of the surface and physicochemical
properties of sulfide minerals are shown.

Irregular microdefects ≤ 3 μm in size formed upon increasing the duration of
LTP treatment of quartz polished sections. The surface roughness was smoothed,
which slightly lowered the corresponding roughness parameters (Ra and Rq). This
microstructural changes in surface of quartz (Mohs hardness 7) caused by the impact
of LTP (ttreat = 10–150 s) effectively softened and consistently reduced the mineral’s
microhardness during plasma treatment, from ~1420 to 1320 MPa in the initial
and altered states at ttreat = 150 s, respectively; the maximum relative change in
microhardness was �HVmax ~7%.

As a result of the nonthermal impact of high-power (high-voltage) nanosecond
electromagnetic pulses (HPEMP) on our samples of quartz, �HVmax was ~29%
(from 1425 to 1015 MPa at at ttreat = 150 s). For sphalerite, however, the drop in
microhardness under the impact of HPEMP was smaller than that of LTP treatment:
~5% (from 315 to 300MPa at ttreat = 50 s). The contact angle of the water wetting of
quartz surfaces changed nonlinearly (nonmonotonically) upon increasing the dura-
tion of LT-plasma treatment: at brief impacts (ttreat = 10–30 s), � rose from 44° to
53° (��max ~ 20%), indicating an increase in the hydrophobicity of the mineral’s
surface. The value of� then fell to 48° at ttreat = 150 s, corresponding to the behavior
of � under the impact of HPEMP.

According to SEM–EDX data, the plasma treatment of eudialyte resulted in the
formation of numerous defects (microcracks and microcraters of electrical break-
down (Fig. 2a, b)) and the appearance of fragmented coatings (Fig. 2c) on the surfaces

Fig. 2 SEM micrographs of eudialyte surface as a result of LTP of DBD exposure (ttreat. = 50 s)
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of mineral samples. The formation of this new surface phase is apparently associated
with the destruction of minerals associated with eudialyte (possibly aegirine with
nepheline, or lamprophyllite with nepheline), and the transfer of elements and their
redeposition on the eudialyte surface.

The microhardness of eudialyte fell monotonically as the period of plasma treat-
ment grew (ttreat = 10–150 s): from ~780 MPa (the average HV values of samples in
the initial state) to ~420 MPa after 150 s of LTP treatment. The maximum relative
change (drop) in microhardness �HVmax was ~46%.

As a result of brief plasma treatment of eudialyte particles, the negative elec-
trokinetic potential (ζ-potential) values grew from −96 mV in the initial state to −
110 mV at ttreat = 10 s, apparently raising the hydrophobicity of the surface parti-
cles. At longer periods of LTP exposure (ttreat = 30–150 s), the negative ζ-potential
fell to around −82.5 mV. In the ttreat = 10–150 s range of variation, the contact
angle of wetting (�°) a eudialyte surface with water also changed nonlinearly (non-
monotonically). At ttreat = 10–30 s, there was an increase in the hydrophobicity of
the mineral’s surface, with � rising from 57° to 73°–78°, which, presumably, can
cause an increasing the mineral’s sorption and flotation activity. At ttreat = 50–150 s,
� gradually fell from 68° to 55°.

These results indicate it is possible in principle to use the impacts of pulsed-power
energy to raise the efficiency of the disintegration and flotation separation of sulfides
and rockforming minerals, particularly quartz extraction (purification). Our results
also demonstrate the fundamental possibility of using low-temperature atmospheric-
pressure plasma to softening and modifying the physicochemical and technological
properties of rare-metal minerals.

Conclusions

Our results demonstrate the fundamental possibility of using a dielectric barrier
discharge in air at atmospheric pressure, in which a low-temperature plasma is gener-
ated and other effective processes are implemented, to improve the technological
properties of natural minerals (geological materials). We indicated experimentally,
that it is possible in principle to use the impact of pulsed-power energy to raise the
efficiency of the disintegration and flotation separation of sulfides and rockforming
minerals, particularly quartz (purification) and eudialyte extraction.

The obtained results testify to practicability and potential of using comparatively
brief (ttreat = 10–30 s) electromagnetic pulse treatment (DBD, HPEMP) in air under
standard conditions for the structural chemical modification of surfaces and physic-
ochemical properties of sulfide minerals, quartz and REE-bearing minerals in order
to improve efficiency of complex refractory ores processing.
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Characterization and Stain Analysis
in Natural and Artificial Rocks
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M. T. Marvila, and S. N. Monteiro

Abstract Technological characterization tests have an important influence on the
evaluation of rocks, for an assertive choice of use. In this context, this work aims to
evaluate the resistance that various types of natural and artificial rocks have to staining
by everyday substances, through the ABNT-NBR 13818:1997 standard, annex G.
During the tests, changes in the brightness of the rocks were also evaluated. After
the tests, it was observed that 25% of the artificial rocks had permanent spots and in
the group of natural rocks 39.29%. In general, most of the samples tested underwent
some kind of change in visual appearance and final brightness. It is concluded that
the artificial rocks presented greater resistance to the attack of staining agents. The
group of artificial rocks presented a performance about 15% higher than that of
natural rocks in terms of the presence of permanent spots.
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Introduction

Rocks have been used by man since ancient times as a structure and masonry for
the construction of different types of buildings. With the expansion of construction
techniques, the attribution of rocks was directed towards finishing and coatings as
well as ornamentation. According to the Brazilian Association of Technical Stan-
dards—ABNT, ornamental rock is defined as a natural rock material that is subjected
to different degrees or types of processing to perform an aesthetic function. Coating
rock, then, is the natural rock that, after undergoing processing processes, can be used
in surface finishing, especially on floors, walls, and facades of civil constructions [1].

Dimension stones have gained considerable market relevance in a world context.
Used both in finishes and coatings as well as in decoration and furniture pieces, their
demand has grown in the country and the variety of available products has increased.
The ornamental stone sector moves the country’s economy since in 2018 they totaled
US$ 992.5 million in Brazilian exports [2].

The state of Espírito Santo is a world reference in the sector of ornamental stones
with the extraction of marble and granite. The state stands out as the largest exporter
of ornamental stones in the country, havingmoved aroundUS$ 791.36million dollars
in 2018. According to available data, it is estimated that there are approximately 63.0
billion tons in reserves and 9.3 billion mineable tons of ornamental rocks in Espírito
Santo. As a result, the sector has become one of the most important in generating
jobs and income in the state. In 2017, this activity employed 17,551 workers in 1,350
establishments in Espírito Santo [3].

Dimensional stones are commercially qualified through their aesthetic character-
istics, highlighting the chromatic pattern, design, grain, and texture. When the vari-
ability of this parameter is very accentuated in a deposit, the commercial typification
and the category are compromised [4].

In the sameway that aesthetic appearance is important in the choice of ornamental
and coating stones, the technological characteristics that reflect the physical–mechan-
ical behavior of the rocks under the conditions of use, allow the detection of aesthetic
problems arising from the inadequate selection and application of the material. For
correct assignment of functions to natural and artificial rock materials, technolog-
ical characterization is recommended. The tests predict the behavior of the rocks
in the face of the required demands, anticipating the resistance of the material for
consumers [5]. Even themost resistant rocks are not immune to physical–mechanical
and chemical hostilities from the different environments in which they are inserted.

The main coating pathologies refer to stains, efflorescences, cracks, and abra-
sive wear, externalized both by contact with cleaning products, foods, beverages,
cosmetics, paints, oils, greases, etc., as well as by atmospheric pollution, for example,
acid rain.Thiswork aims to compare the reactionof rockswhenexposed to substances
used in everyday life through visual analysis and brightness measurement, in order to
examine the reaction of each rock lithotype to exposure to a specific staining agent.
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Materials and Methods

The staining test of ornamental rocks and the cleaning evaluation do not have a
specific standard. For this reason, an adaptation of the standard for the ceramic
industry ABNT-NBR 13,818, described in the book Technological Characterization
of Dimension Stones: laboratory practices, which describes how to carry out the
staining test, is used [6]. This standard for tests on ceramic materials establishes the
specification of staining agents and cleaning agents, the equipment used, the prepa-
ration of specimens, the procedure for applying staining agents, the stain removal
attempts, and the classification regarding the cleanability of the stained surfaces. The
need to adapt the standard is due to the difference between ceramic materials and
ornamental stones.

The natural rocks chosen for this work are described in the Characterization,
Application, Use and Maintenance Manual of the Main Commercial Rocks of
Espírito Santo presented in Fig. 1 [7].

A second group of ornamental rocks of artificial origin shown in Fig. 2 was
selected.

To carry out the test, specimens with different dimensions can be used as long
as the area is larger than the diameter of the disposable cup that will be used. Eight
specimens were prepared per lithotype with dimensions of: 14 cm high× 7 cm wide
× 0.5 cm thick for the artificial ones, and 7 cm high× 7 cmwide× 2 cm thick for the
natural ones, totaling 64 specimens. Initially, it is necessary that the specimens are

Fig. 1 Natural ornamental rocks. a Black saint gabriel. b Tobacco brown. c Siena white. d Brasilia
red (Color figure online)

Fig. 2 Artificial ornamental rocks. a Absolute beige. b Absolute red. c Stellar black. d Absolute
brown (Color figure online)
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Table 1 Identification of
lithotypes

Lithotype Lithotype
identification

Lithotype Lithotype
identification

Absolute
red
(artificial)

A1 a A7 Siena white
(natural)

F1 a F7

Absolute
brown
(artificial)

B1 a B7 Brasilia red
(natural)

G1 a G7

Stellar black
(artificial)

C1 a C7 Black saint
gabriel
(natural)

I1 a I7

Absolute
beige
(artificial)

E1 a E7 Tobacco
brown
(natural)

H1 a H7

clean and dry. For this, the specimens were washed with running water and placed
to dry at room temperature, for at least 24 h.

The next step was the identification of the specimens. For the test, eight lithotypes
were used, (four of natural rocks and four of artificial rocks) and eight specimens for
each one. Each lithotype had one specimen chosen as a reference sample, to serve
as a comparison of samples that passed through the staining agents. The specimens
were identified according to Table 1.

After the identification step, the brightness of the surface of each specimen was
measured using theGlossmeter device. Eachmeasurement is performed in the center
of the material, in the region that will be exposed to the staining agent Fig. 3.

For better accuracy of the values, six gloss measurements were performed on
each specimen and the average between these values was taken to obtain a more
representative result of the gloss of each material. The reference angle obtained by

Fig. 3 Measurements of
surface gloss of specimens
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the geometry test that was adopted during the brightness unit measurements was set
at 60° for all studied lithotypes, both natural and artificial rocks.

The next step was to expose the rock surface to the staining agent. For this, one
third of the volume of the 50-ml plastic cup was filled. To facilitate the application,
the specimens were organized in trays according to the staining agent that would be
applied, thus, each tray received a rock lithotype in which the same staining agent
was applied.

After organizing the trays, the plastic cup containing the selected staining agent
was centered and placed in contact with the face of each specimen. The rock was
exposed to the staining agent for a period of 24 h.

The specimens identified with number 1 were exposed to soybean oil, those with
number 2 to neutral detergent and the specimens ending in 3, 4, 5, 6, and 7 were,
respectively, subjected to coffee, steel wool with detergent and water, degreasing,
sanitary water, and lemon juice.

At the end of the 24-h exposure time, the cleaning process began. Excess staining
agent was removed and the specimen was cleaned with running water. After 24 h of
cleaning with running water, it was possible to carry out a visual analysis of stains.
After this period, new brightness measurements were performed on the surface of the
specimens and data collection. Afterwards, the stain removal procedure was started.

For the first cleaning attempt, warm water was used. For this, the specimens were
placed in trays filledwithwarmwater until they remained submerged. The specimens
were kept submerged for 5 min, then, using a paper towel to remove excess water,
they were placed to dry naturally at room temperature for 24 h.

The second cleaning step involved the application of a cleaning product (in this
case, neutral detergent). The surface of the specimens was subjected to cleaning with
a soft sponge and neutral detergent for about 1 min. After this step, the specimens
were washed in running water and the excess water was removed with a paper towel.
Then they were placed to dry naturally at room temperature.

In the third cleaning step, the previous procedure was repeated, but the cleaning
agent used was the multipurpose paste and a soft sponge. Again, after 24 h of natural
drying, new gloss measurements were performed on the specimens.

Results and Discussion

Regarding staining agents, regarding the formation of permanent stains, it is worth
noting that for natural rocks, soybean oil was the agent that provided the largest
number of these stains,whereas for artificial rocks, bleachwas responsible for causing
the greatest number of spots in the lithotypes.

Another factor existing in relation to staining agents, regarding stain removal, is
that, for natural rocks, neutral detergent was the only staining agent that allowed
the total removal of stains for all analyzed lithotypes, after the cleaning steps. The
high concentration of sodium perborate in the detergent is a positive factor in terms
of the potential for removing stains, which has already been verified in a study
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Fig. 4 Brightness of the absolute red (artificial rock) and Brasília red (natural rock) lithotypes
according to the staining agents (Color figure online)

in the literature, which indicated a 30% improvement in the cleaning efficiency of
this product [8]. The analysis also found that, for artificial rocks, the agents: soy
oil, neutral detergent, and coffee were the only staining agents that did not have
permanent stains.

It can also be highlighted regarding the brightness analysis, that the average loss
of brightness for natural rocks was 21.45% and, for artificial rocks, it was 11.51%.
And in the aspect of average loss of brightness, natural rocks showed 9.94% more
loss of brightness compared to artificial rocks [7]. Thus, Fig. 4 presents the results of
the brightness variation in the Absolute Red (artificial rock) and Brasília Red (natural
rock) lithotypes after completion of the cleaning steps. Positive values correspond
to loss of brightness and negative values to gain in brightness [5].

It was possible to observe that in the Brasília Red natural rock, the lemon juice
caused a greater loss of shine and with the use of coffee a lesser loss of shine. In
the Red Absolute artificial rock, the greatest loss of shine was with the bleach agent
and the smallest loss with soy oil. The constituent acid from the lemon acted as a
degrading agent of the surface minerals existing in the natural rock, a phenomenon
that was the opposite in artificial rocks, because according to a study, the artificial
rocks use neutralizing components that inhibit the effect of the acid in the lemon [9].

Figure 5 presents the results of the brightness variation in the Brown Absolute
(artificial rock) and Brown Tobacco (natural rock) lithotypes after completion of the
cleaning steps. It is verified that in the natural rock Brown Tobacco the degreaser
provided the greatest loss of shine and the soybean oil the least loss of shine. In
the Absolute Brown artificial rock, the only loss of shine registered was with the
degreasing agent, in the other agents there was an increase in shine. The steel wool
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Fig. 5 Brightness of the absolute brown (artificial rock) and tobacco brown (natural rock) lithotypes
according to the staining agents (Color figure online)

with detergent enabled the greatest increase in brightness for the studied lithotypes
[10].

The results obtained in Fig. 5 corroborate studies in the literature, in which the
use of degreaser, bleach, and lemon juice on natural rocks tend to facilitate the loss
of shine due to the action of acidic products that act on the deterioration of natural
constituents, behavior totally opposite to artificial rocks, and that its use is a positive
factor [8, 9]. Figure 6 compares the results of brightness variation in Black Stellar
(artificial rock) and Preto São Gabriel (natural rock) lithotypes after completion of
the cleaning steps. It was observed that in the Preto São Gabriel natural rock, the
lemon juice provided the greatest loss of shine and the coffee the least loss of shine.
On the other hand, in the Preto Stellar artificial rock, bleach provided the greatest
loss of shine and the degreasing agent the least loss [11].

Figure 7 shows the results of brightness variation in Beige Absolute (artificial
rock) and White Siena (natural rock) lithotypes after completion of the cleaning
steps.

It is also verified that in White Siena the lemon juice and degreaser showed high
values of loss of shine and the smallest loss of shine was registered by the exposure
to steel wool with detergent. In the Beige Absolute artificial rock, the greatest loss
of shine occurred with bleach and the smallest loss with neutral detergent [7]. In this
specific case, the use of bleach on natural rock had a different effect from that seen
previously, as the white pigmentation was an active agent throughout the process,
which even justifies its higher cost in general in the market [6].
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Fig. 6 Brightness of the stellar black (artificial rock) and black saint gabriel (natural rock) lithotypes
according to the staining agents

Fig. 7 Brightness of the absolute beige (artificial rock) and siena white (natural rock) lithotypes
according to the staining agents

Conclusion

After the results, it can be concluded that:

• In general, most of the samples tested underwent some kind of change, either
in the visual aspect or in the final shine, confirming the action of culinary and
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household cleaning products as the cause of these changes, in addition to the
sample cleaning steps;

• According to the results obtained, it is concluded that the rocks of an artificial
nature presented greater resistance regarding the attack of the proposed staining
agents, in the formation of permanent stains and in the average loss of brightness
of the samples submitted to the tests;

• The group of artificial rocks presented a performance about 15% higher than
that of natural rocks in the aspect of the presence of permanent spots and in the
aspect of average loss of brightness, the natural rocks showed 9.94% more loss
of brightness in relation to the artificial rocks.
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Characterization of Blast Furnace Slag
for Preparing Activated Alkali Cements

M. T. Marvila, A. R. G. Azevedo, E. B. Zanelato, S. N. Monteiro,
and C. M. F. Vieira

Abstract Blast furnace slag (BFS) activated alkali cements are an alternative to the
use of Portland cement. The objective of this work was to characterize a BFS for
potential application as an activated alkali cement. Characterizations were performed
using SEM, particle size, physical parameter analysis, chemical composition, XRD,
FTIR, and ATD. The mechanical strength of activated alkali cement, compared to
Ordinary Portland cement (OPC), was also evaluated. The results demonstrate the
feasibility of applying BFS as an alternative and eco-friendly cement, due to the
characterization parameters being within the recommended range and due to the
superior compressive strength of the OPC composition.

Keywords Ceramics ·Mechanical properties · Activated alkali cements

Introduction

Blast furnace slag (BFS) is a by-product resulting from the fusion of iron ore into
pig iron, in a process carried out in industrial units called blast furnaces, where the
oxides contained in the iron minerals are reduced and the impurities that accompany
them are separated [1]. Slag is formed by the melting of impurities from iron ore
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after the addition of molten materials such as limestone and dolomite, and coke ash
[2].

The molten slag is a mass that, due to its insolubility and low density when
compared to pig iron, is transported by channels to the cooling place. This cooling
operation can occur in twoways: to atmospheric air, where crystallized slag is formed
[3]; or abruptly by means of jets of water under high pressure, forming the granular
slag [4]. The main differences between these two processes are that crystallized
slag, as it is crystalline, does not acquire binding power, and can only be used as an
aggregate or replacing stone materials, while granulated slag, as it is mineralogically
amorphous, has a high hydraulic potential, hardening when finely ground and in
contact with water. Granulated slag is used in the production of Portland cement as
a substitute for clinker, but it is not a pozzolanic material [5]. In this context, the
objective of this work is to evaluate the potential of application of BFS in AAC,
aiming to totally replace the Portland cement by an ecological one, obtained by the
alkaline activation of the slag.

Materials and Methods

The materials used in this research were blast furnace slag from an industry located
in Serra, ES, Brazil. The BFS was characterized using scanning electron microscopy
(SEM) in a Jeol model JSM 6460 LV microscope and using a Tecnival confocal
optical microscope (OM). The characterization of the physical parameters was
carried out through granulometry and distribution of grain sizes, specific mass,
natural moisture content, and degree of vitrification. Specific surface area analysis
was also performed using the Blaine method.

The mineralogical characterization was carried out using X-ray diffraction spec-
trometry (XRD), using a Shimadzumodel 6000 diffractometer, operatingwith copper
radiation (Cu-Kα), voltage of 40 kV and 2θ scan ranging from 10° at 60°. Fourier
transform infrared spectroscopy (FTIR) was also performed using a model 4500a
infrared spectrometer from Agilent Technologies. Next, an energy-dispersive X-
ray fluorescence (FRX) test was carried out in an Axios Max model equipment
manufactured by Malvern Panalytical. Thermal characterization was performed by
thermogravimetric analysis (TGA) using a TA instruments thermal analyzer, model
SDT-Q600 with a heating rate of 10ºC/min and a maximum temperature of 1100ºC.

Finally, the analysis of important properties of cements was performed, compres-
sive strength, at ages of 7 and 28 days of thermal cure, at a temperature of 65 °C.
A composition based on AAC in the ratio 1:2:0.45 (cement: sand: water) was used,
using blast furnace slag activated by an alkaline solution with 10% sodium, extracted
from other works. A 1:2:0.45 (cement: sand: water) composition, based on Ordinary
Portland cement (OPC), was also used for comparison.
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Results and Discussion

Figure 1 shows the characterization by SEM of the studied slag. It is observed that
the morphology of the material is irregular, an indication of its amorphism, as is the
morphology of Portland cement [6] and any other material in the form of powder
used as a precursor. This is the case of metakaolin and fly ash [7].

Figure 2 shows the BFS optical microscopy before and after ball milling. There
is an increase in the surface area of the residue with this treatment. This operation is
essential for the alkaline activation reaction to be effective, since the specific surface
area is a parameter that directly interferes with the resistance of the AAC [8].

Figure 3 shows the BFS granulometry before and after grinding in a ball mill.
Through the figure it is possible to observe that the treatment performed is efficient

Fig. 1 SEM image of BFS

(a) (b)

Fig. 2 OM image of BFS: a natural; b ground
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Fig. 3 Particle size curve of
the BFS

in the sense of reducing the waste particles. This becomes clear when evaluating the
equivalent diameters D10 and D90, which for waste in its natural form are 200 and
1800 mm, respectively. The residue in ground form has D10 = 0.6 mm and D90 =
70 mm, a considerable reduction in the size of particles of the material that enables
the occurrence of the alkaline activation reaction.

The main physical parameters of the BTS are detailed below: the specific mass is
around 1.27 g/cm3, naturalmoisture content is approximately 4.8%, and the degree of
vitrification is 98%. The degree of vitrification is essential for the alkaline activation
reaction to occur as it is related to the amorphism of the material. Furthermore,
it is observed that the specific surface area by the Blaine method obtained after
grinding for 6 h was 4520 cm2/g. Saedi et al. [8] concluded that the use of precursors
with specific surface area by the Blaine method of 4200 cm2/g is sufficient for
the alkaline activation to occur with satisfactory resistance values. Wang et al. [9]
obtained satisfactory results using precursors with specific surface area by the Blaine
method of 4260 cm2/g. Thus, it is verified that the specific surface area by the Blaine
method obtained by the slag after 6 h of grinding is compatible with other researches
with AAC.

Table 1 shows the chemical composition of BFS. It is observed that the major
oxides are CaO (47.49%), SiO2 (33.00%), Al2O3 (9.69%), and MgO (5.96%).
Furthermore, regarding the classification of the precursor that takes into account the
CaO/(SiO2 +Al2O3) ratio, it is observed that the value obtained is 1.12, above 1 [10,
11]. Therefore, the material is classified as rich in calcium, not forming polysialate
networks typical of geopolymers in high amounts. In the alkaline activation reaction,
the formation of tobermorite is expected, with structures like C-A-S–H.

Table 1 Chemical composition of blast furnace slag

Composition CaO SiO2 Al2O3 MgO SO3 TiO2 Others

(%) 47.49 33.00 9.69 5.96 0.95 0.86 2.05
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Fig. 4 XRD of BFS
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With regard to classification, the BFS studied for being classified as basic, since
the hydraulicitymodulus is greater than 1, according toNBR5753 [12]. Furthermore,
the MgO contents are less than 6%. This is an indication that few secondary phases
will form due to magnesium interference. Thus, the studied blast furnace slag has a
high calcium content, which indicates that the precursor can be activated alone.

Figure 4 presents the mineralogical composition. The presence of a considerable
amorphous region is observed between 2θ from 10 to 15º, from 18 to 28º, from
32 to 38º, and from 40 to 52º, approximately. Furthermore, it is possible to detect
the presence of minerals of akermanite whose theoretical formula is Ca2Mg(Si2O7),
and gehlenite with theoretical formula Ca2Al2SiO7. The mineralogical composition
is in agreement with other authors who studied BFS, such as Jamil et al. [13] and
Aziz et al. [14]. It is expected that there will be an increase in the peaks of detected
minerals, and that there will be a change of phases from akermanite and gehlenite to
tobermorite and hydrotalcite after the BFS alkaline activation reaction.

Figure 5 shows the results of the FTIRanalysis. The following events are observed:
around 3750 cm−1 a peak occurs due to O–H bonds, indicating the presence of water
in the composition of the evaluated slag [15]. It is noteworthy that in the compounds
formed through the alkaline activation of the slag, these peaks are expected to be
reduced, due to the formation of resistant compounds. Another interesting event
occurs at 1750 cm−1, related to C-Na bonds [16]. This peak occurs more intensely in
compositions where efflorescence occurred. Finally, events formed at approximately
1500, 1000, and 750 cm−1 are observed, related to Si–O–Ca, Si–O–Al, and Si–O–Si
bonds, respectively. These peaks are characteristic of the formation of tobermorite
and hydrotalcite, which are themain compounds resistant to formation in the alkaline
activation of calcium-rich precursors. These peaks are expected to be intensified
during the alkaline activation of BFS.

Figure 6 shows the thermal analysis of the blast furnace slag. There are two
very characteristic events in the behavior of the slag. An event at a temperature of



244 M. T. Marvila et al.

Fig. 5 FTIR of BFS
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Fig. 6 TGA of BFS
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approximately 100 °C, related to the loss of free moisture from the BFS [17]. In the
case of activated alkali compounds, this same temperature range is associated with
the decomposition of portlandite, which has bound hydroxyls [18]. It is expected
that the percentage of mass lost at this temperature is not potentiated after alkaline
activation, as the presence of portlandite is an indication of a low AA reaction.
In the temperature range of approximately 500–600 ºC, another definite event is
observed, related to the dehydration of the slag and molecular rearrangement, that
is, the crystallization of the glass present in the composition of the slag [13, 17].
This characteristic is beneficial because it highlights the amorphous composition
of the material, which is essential for the efficiency of alkaline activation. In the
case of AA compounds, hydrotalcite decomposes in this same temperature range.
No event is observed associated with approximately 400 °C, related to tobermorite
decomposition (C–A–S–H) or to C–S–H. It is expected that the loss of mass at this
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Fig. 7 Compressive strength
depending on the type of
cement

0

10

20

30

40

50

AAC

C
om

pr
es

si
ve

 s
tre

ng
th

 (M
Pa

)

Type of cement

 7 days
 28 days

OPC

temperature occurs after alkaline activation, since the more intense this event is in
the AAC, the greater the amount of tobermorite formed [1, 19].

Figure 7 shows the results of compressive strength at 7 and 28 days of activated
alkali cement based on BFS and another based on OPC. It is observed that the
composition based on AAC presented superior compressive strength values both at 7
and at 28 days, proving its possibility of application as a substitute cement for OPC.
The strength values are higher than OPC cement due to the formation of tobermorite
(C–A–S–H), a phase more resistant than the C–S–H formed in the hydration of OPC
[10, 11].

Conclusion

After the results, it can be concluded that: the physical characterization of the blast
furnace slag indicates that the material has a high specific surface area, proven by
particle size and Blaine’s method. This proves the feasibility of alkaline activation of
the material. Chemical characterization proves that BFS is a calcium-rich precursor,
while mineralogical and thermal characterization indicates that the material presents
parameters compatible with other works published in the area. Finally, the compres-
sive strength values observed for AAC cement are higher than the values observed
for OPC, at 7 and 28 days, due to the formation of more resistant phases, such as
tobermorite.
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Characterization of Mortar in Fresh
State with the Addition of Açai Fiber

A. R. G. Azevedo, D. L. Rocha, T. E. S. Lima, M. T. Marvila, E. B. Zanelato,
J. Alexandre, S. N. Monteiro, and H. Colorado

Abstract The natural fiber from açaí (Euterpe oleracea Mart.) is an example of
agro-industrial waste generated in large quantities in Brazil. The objective of this
work is to evaluate the technological characteristics of mortars in their fresh state,
reinforced with the addition of natural açaí fiber, submitted to a type of surface
treatment, such as immersion in NaOH, KOH and Ca(OH)2 in the concentration of
10%. The mixtures have a ratio of 1:3 (cement: sand) with additions of 0 (reference),
1.5, 3.0, and 4.5% of the açaí fiber, in relation to the cement mass. Tests were carried
out to determine the consistency index, mass density in the fresh state, incorporated
air content, and water retention. The results showed that the 4.5% mixture treated
with KOH was the one that showed the best results due to its lower density and one
of the highest water retentions.
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Introduction

Natural products have significantly increased their use in recent years. Among these
products, fibers of vegetable origin stand out, which can be used as reinforcement
in cementitious composites [1]. The use of natural fibers indicates a potential for
strengthening Portland cement-based materials, which can improve the properties of
the mortar, when compared to them without the addition of any element [2].

The functionality of the natural fiber depends on its interaction as a binder in
the cementitious matrix, and also on its dispersion inside the mixture, these two
characteristics forma compositematerialwith good characteristics [3]. The vegetable
fibers used are lignocellulosic materials, which can be considered as composites of
cellulose fibrils held together by a matrix consisting of lignin and hemicellulose,
whose function is to act as a natural barrier to microbial degradation and serve as
mechanical protection [4, 5]. Natural fibers are good materials for many applications
as they provide very low-cost reinforcing properties, low density, good strength
and stiffness, tensile elongation, toughness, and impact resistance [6, 7]. Another
important characteristic of natural fibers in a cementitious composite is to neutralize
hydraulic shrinkage, characteristic of the mortar during the hardening process [8].
The fiber prevents the formation of cracks inside and on the surface of the plaster.
This characteristic makes it suitable to work as a structure reinforcement mortar [9].

In Brazil, there is enormous potential for the extraction of different natural fibers
[10]. Açaí fiber, for example, is still almost unexplored in the literature, especially
when evaluating the conditions of its characteristics in the fresh state in different
scenarios of surface treatments [11].

Recent researches have observed an increase in flexural and compressive strengths
in composites reinforced with açai fibers, when superficially treated with hydroxides
[12]. The fiber used in natura, that is, without any type of treatment ends up being
harmful to the composite due to the degradation, it can suffer due to its presence
in environments with high alkalinity [13, 14]. The surface treatment increases the
proportion of cellulose in the açai fiber, making it stronger and more rigid [15].
Thus, the treatment increases the crystalline cellulose content rate and, consequently,
increases the mechanical properties of the composite [16].

Therefore, the present work used açai fibers in different proportions, after its
surface treatment with different types of hydroxides (NaOH, Ca(OH)2 and KOH),
thus evaluating the changes in the technological properties in the fresh state of the
mortars. All tests were carried out following the standard Brazilian standard for
mortars for coating walls and ceilings.

Materials and Methods

The materials used in this research were: Açai fibers and fine aggregates for the
production of mortar: natural sand and Ordinary Portland Cement (OPC) type CP
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II-E-32. The açai fibers were collected in the city of Rio Novo do Sul—ES—Brazil,
in an agroindustry that produces ice cream. The natural sand was collected in the
bed of the Paraiba do Sul River, located in the city of Campos dos Goytacazes—RJ.
The sand was uniformed in a 24-mm mesh sieve.

• The research methodology of this study was developed as follows:
• Fiber processing and processing methods: Surface treatments were carried out on

the açaí fibers, in the proportions of 10% hydroxide in relation to the total mass
of water, with sodium, potassium, and calcium hydroxides;

• Preparation of mortar with a mixture 1:3:0.75 (cement: sand: water) with a ratio
of 0; 1.5; 3.0; and 4.5% of açaí fiber added in relation to the cement mass;

• Carrying out technological tests on fresh mortar.

The fiber was collected and cleaned with distilled water. After that, it was dried
in an oven at a temperature of 60 °C for 24 h. The surface treatment by hydroxides
aims to observe the behavior of the fibrous reinforcement for more than one type
of alkaline medium [10]. To formulate the alkaline solution, an amount of 10% by
mass of hydroxide in relation to the mass of water was used. For every 1000 g of
water, 100 g of alkaline material were mixed [13]. The use of proportions greater
than 10% is prohibited because, from this proportion, there is the degradation of the
fiber of vegetable origin, due to the destruction of the cellulose crystals contained in
the lignin matrix of the fiber [16].

While the solution was being prepared, the fibers were weighed and placed in a
separate container. After the solution was ready, it was poured into the container with
the fibers, where they were immersed in the solution for a period of 30 min, while
they were being stirred, to ensure that all the fibers were exposed to the solution.
Subsequently, the fibers are washed with a solution that mixes 300 g of chlorine with
1000 g of water. Cleaning allows you to remove excess hydroxide still contained
in the fiber. Afterwards, the fibers were dried in ovens for a period of 24 h. This
procedure was stipulated by [13].

The next step consisted of making the mortar. The mixture of 1:3:0.75 (cement:
sand: water) is one of the most used in the literature for reinforcement mortars. The
mortar wasmade in accordance with the Brazilian standard [17], which, among other
things, specifies the preparation of mortars dosed in the laboratory using a mortar.

Then, the fresh state tests were performed, firstly, the determination of the consis-
tency index [17]. This test consisted of determining the mortar spread on a densi-
fication table, after performing 30 consecutive strokes on the mortar. This test is
strictly important as it will measure the amount of water used in each mixture. A
high percentage of water makes the mortar spread more, and a low percentage makes
it little flow. It is worth noting that to maintain a standard in all fiber proportions
used, the amount of water from the reference mixture was fixed, i.e., 0% addition of
açai fiber. As the value of 0.75 in relation to the cement mass was within the norm,
this same value was used in the following tests, although the mortars with fibers had
less spread due to the water absorption characteristic of the vegetable fibers.
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The determination of mass density and air content of the mortar in its fresh state
are standardized by the Brazilian standard [18]. The determination of the incorpo-
rated air content was carried out using the pressureometric method. Themortar water
retention parameter was obtained using the Brazilian standard [19]. The test proce-
dure consisted of the mortar suction through a funnel, using a vacuum pump, which
is a widely used methodology [13].

Results and Discussion

Table 1 shows the results of the consistency tests. It was evident that the greater the
proportion of fiber, the greater the absorption of water and therefore the workability
of the mortar reduces, as occurred in the works [23, 24].

The alkaline treatment carried out on the reference mixture, the one that does not
have added fiber in the mixture, was 260 mm. With the increase in fibers, the work-
ability was reduced, proportionally to the greater proportion of fibers. The treatment
with NaOH proved to be the one that absorbed the most water, obtaining the lowest
workability, while the treatment with KOH proved to be the most water repellent,
with higher workability’s, in the proportions of 1.5 and 3%. Such results were also
found by [20], who noted that samples treatedwith KOHgave better water repellency
results compared to samples treated with NaOH for coconut fibers. At 4.5%, their
workability was close. As [21] noted that, in general, samples treated with NaOH
gave moderate results in terms of water repellent property. In relation to Ca(OH)2,
[22] observed that when subjected to this treatment, there is a drop in the water
adsorption capacity, to a certain extent. However, the adsorption is still lower than
the treatment with NaOH, which is based on the fact that the treatment with NaOH
is the most aggressive to fiber, as demonstrated by [23, 24]. Analyzing Table 1, it
was concluded that the workability was lower in the treatment with NaOH, followed
by Ca(OH)2, and finally KOH, with a small variation for the proportion of 4.5%.

In the freshmass density test (Fig. 1), a decrease in the density value was observed
in all mixtures that used fiber in their matrix, this can be attributed to a decrease in
the density of the mortar, associated with an increase in its porosity [10], or due to
adsorption of water by the greater amount of vegetable fibers [27].

Note that treatments with hydroxides that showed lower workability also showed
lower density. The lower density is an important characteristic for the materials used
as mortar for reinforcement, as they can guarantee greater mechanical strength to

Table 1 Consistency test results

Alkaline Treatment 0% 1.5% 3.0% 4.5%

NaOH 260 mm 254 mm 252 mm 251 mm

Ca(OH)2 257 mm 255 mm 240 mm

KOH 260 mm 255 mm 226 mm
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Fig. 1 Result of the density test in the fresh state of mortars

compression, generating a lowerweight for the system. The research results observed
that in the proportions of 1.5 and 3% the lowest density is obtained in composites
reinforced with fibers treated with NaOH. Possibly due to the high adsorption of
water occurring in these fibers.

Meanwhile, at 4.5%, the situation is reversed. The densities of mortars with fibers
treated with Ca(OH)2 and KOH were lower than those treated with NaOH, with
values of 1.84 and 1.73 g/cm3, respectively. It is assumed that, in this proportion, it
is not the adsorption of water that explains the low density, but the large amount of
voids, as demonstrated [7]. The incorporated air content test can be used to analyze
the void ratio.

In the embedded air content test, it was observed that all mortars are within the
limits of the embedded air values proposed in the standard literature [6], which is
from 7 to 17% for reinforcement applications. The addition of natural fiber increases
the air content incorporated into the product. As the percentage of fiber addition
increases, due to additions of reinforcing materials the surface contact area between
the matrix and the reinforcement also increases. Therefore, observing Fig. 2, it can
be seen that the low density of the mortar reinforced with 4.5% of fiber treated with
KOH is due to its high content of incorporated air.

In the other proportions, such as 1.5%, there were no variations between treat-
ments, while in the proportion of 3%,we observed an incorporated air content slightly
higher in the proportion of NaOH, but not enough to cause such significant density
variations.
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Fig. 2 Result of the incorporated air content test

Finally, Fig. 3 shows the results of the water retention test. Water retention is
a property directly linked to the ability of the mortar to maintain its workability
properties when subjected to water loss. Natural fibers, due to their hydrophilic
character, have a high-water retention capacity, as previously mentioned [5]. Note
that the higher the percentage of fibers, the greater the capacity to retain water,
as these are trapped inside the fibers. However, this water trapped inside the fiber
greatly reduces the consistency values of the mortar, as shown in Table 1. Once
inserted into the mortar, the fibers remove the water from the mixture. Therefore, the
water retention test little reduced the proportion of water in the mortars, since these
are already retained in the fibers at the time of manufacture. The same was observed
by [9] who found that the retained water is impregnated in the fibers and not in its
free form, not contributing to the hydration of the mortar.

In this trial it was noted that no treatment stood outmore than the other, as they had
very similar results. Varying the percentage value of its retention for each proportion
increase the insertion of the açai fiber. Note that all mortars were within the norm
[21–23] with a water retention greater than 97%
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Fig. 3 Result of the water retention test

Conclusion

It can be concluded from this research that the mixtures of mortar with natural açaí
fibers treated with different hydroxides resulted in changes in their technological
properties in the fresh state of the mortars. If, on the one hand, the workability
dropped drastically due to the greater insertion of the natural fiber, on the other hand,
there was a reduction in density, which is positive as it allows the system to work
with lighter materials.

The treated fibers greatly increase the consistency of the mortar, however, after
that, even when it is subjected to suction, it varies little in relation to its water
retention. As for the incorporated air content, it was noticed that the fibers increased
the number of voids inside the mortar in the regions between the fiber and the matrix.
These larger spaces are filledwith air. Itwas noted that themixture that had the highest
air retention was the 4.5% mixture treated with KOH, it also had the lowest density
and one of the highest water retentions. In other words, this mixture was the one that
absorbed the most water, becoming less dense and increasing the space for the air
inside the matrix.
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Characterization of Slag and Growth
of Ferronickel Grains During Smelting
of Nickel Laterite Ore

Donglai Ma, Jianbo Zhao, Hanghang Zhou, and Zhixiong You

Abstract The growth of ferronickel particles and separation of metal fraction from
slag fraction are essential during the pyrometallurgical smelting nickel laterite ore.
Thus, many measures were adopted to regulate the properties of slag and metal
fractions. In this study, Na2S, Na2CO3, and FeO were used to regulate the properties
of a basic slag (64 wt.% SiO2–9 wt.% Al2O3–3 wt.% CaO–24 wt.% MgO). The
liquid phase content and melting temperature of different slag compositions were
determined from the view of thermodynamics. Then, growth behaviors of ferronickel
particles in the presence of different additives were investigated. The experimental
results indicated that the average diameter of ferronickel particles increased from
<10 µm to larger than 35 µmwhen 3.3% Na2S was added, comparing to an average
diameter less than 30 µm by adding the other two additives. The effect of Na2S was
proved to be the most efficient.

Keywords Nickel laterite ore · Direct reduction · Metal growth · Metal–slag
separation

Introduction

The demand for nickel resources has soared with the increase in global consump-
tion of stainless steel [1]. The main sources of nickel are nickel sulfide and laterite
nickel ores [2]. With the depletion of nickel sulfide ore, the efficient utilization
of laterite nickel ore accounting for approximately 72% of global nickel resources
has become more attractive [3]. Many techniques have been used to extract nickel
from laterite ore, which are classified as pyrometallurgical, hydrometallurgical,
and pyro–hydrometallurgy processes. Pyrometallurgical processes gradually hit the
mainstream for saprolite-type ore, including rotary kiln-electric furnace (RKEF),
sintering-blast furnace smelting, Krupp–Renn (Nipon Yakin Oheyama), and direct
reduction–magnetic separation processes [4–6]. In recent years, many scholars have
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conducted a lot of research on the direct reduction–magnetic separation process.
Since the reduction procedure is carried out at a relatively low temperature, the
energy consumption can be saved [7].

However, in order to promote the magnetic separation of ferronickel, it is neces-
sary to enhance the reduction process as well as the growth of ferronickel grains.
Formation of regional liquid phase has been proved to be effective for metal growth
and preliminary metal–slag separation. Metal and slag represent the magnetic frac-
tion (ferronickel) and nonmagnetic fractions, respectively. The method of generating
regional liquid phase during the direct reduction process is classified as adjusting the
properties of slag or metal fractions by using different additives. The slag will melt
locally into the liquid phase when the temperature rises to a certain level during
the laterite nickel smelting process [8]. The liquid phase can promote the growth of
ferronickel particles and the slag–metal separation obviously, because it can act as
a carrier for the movement of ferronickel grains [9]. Hence, the high-temperature
properties of the slag need to be taken into consideration.

In general, a rise in temperature is conducive to the formation of more liquid, but
it will also cause more problems in terms of energy consumption [10]. Additives
such as CaSO4, Na2SO4, and Na2CO3 can change the phase composition of the
slag and reduce the melting temperature of the slag phase, thus saving much energy
[11–13]. At the same time, additives can affect viscosity, wettability, and other high-
temperature properties of the slag, so as to improve the fluidity of the slag liquid
phase [14–16].

In this study, the effects of Na2S, Na2CO3, and FeO on the liquid content and
melting temperature of the slag were investigated. The variation of the slag liquid
phase content and melting temperature with additives was determined by thermody-
namic calculation. Then, the effects of different additives on the growth of ferronickel
grains were investigated. Finally, the onset temperature of metal–slag separation was
determined by using high-temperature confocal scanning laser microscopy (CSLM).

Experimental

Materials

Chemical reagents, including SiO2, Al2O3, CaO, and MgO (purity greater than
99.99%) were used to synthesize a primary slag. These reagents were propor-
tioned at 64 wt.% SiO2–9 wt.% Al2O3–3 wt.% CaO–24 wt.% MgO and pre-melted.
Ferronickel mixture contained 10 wt.% Ni and 90 wt.% Fe was uniformly mixed
and used as the metal fraction. The mixture was milled to less than 10 µm with
a high-energy ball mill. Other reagents including Na2S, Na2CO3, and FeO (purity
greater than 99.99%) were employed to regulate the properties of slag.
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Table 1 The mass fraction of different additives

Mass fraction/%

Na2S 0 1.10 2.20 3.30

Na2CO3 0 1.49 2.98 4.47

FeO 0 2.00 4.00 6.00

Methods

Firstly, the synthetic slag was milled to less than 10 µm by using a high-energy
ball mill. The slag–metal sample was obtained by mixing the synthetic slag with
ferronickel mixture at a mass ratio of 73.56: 26.44. Then, the additives were weighed
according to Table 1, and mixed into the slag–metal sample. In Table 1, the mass
fraction of Na2S and Na2CO3 is determined by keeping moles of Na consistent. The
mass fraction of FeO is determined by referring to the actual production process.

The mixture of ferronickel, slag, and additives were pressed into pellets with a
diameter of 30 mm under a pressure of 15 Mpa and roasted at 1300°C for 60 min.
Optical microscope was used to observe the microstructure of samples after roasting,
and the image processing software of ImageJ Pro was used to count the area and
number of metallic particles in the micrograph. The average area (S) of the particles
can be obtained when the total area and number of the particles were known. The
average diameter (d) of the particles was calculated by the formula of d = 2

√
S/π .

In Situ observation using confocal scanning laser microscopy (CSLM) was carried
out to observe the metal–slag separation behavior. The schematic diagram of CSLM
is shown in Fig. 1.

Results and Discussion

Effects of Additives on Liquid Phase Content

The effect of different additives on liquid slag content was calculated, and the results
are presented in Fig. 2. The additives have a positive effect on the formation of liquid
phase, and it can be found that the liquid slag contents increased obviously after
adding additives. Within the experimental additive content, the liquid slag content
in the presence of Na2S was significantly higher than that with Na2CO3 and FeO at
1300 °C. The liquid phase content reached 47.86% as theNa2S content was increased
to 3.3%. It is inferred that the sequence of additive content affecting the liquid slag
content was determined as follows: Na2S > Na2CO3 > FeO.
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Fig. 1 Schematic diagram of confocal scanning laser microscopy

Fig. 2 Effect of additives on
the liquid slag content
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Effects of Additives on Melting Temperature

Slag (nonmagnetic fraction in direct reduction of nickel laterite ore) is a mixture
having no fixed melting point, whose melting temperature was the range between
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the initial melting temperature and the complete melting temperature. The effect
of additives on the initial melting temperature and the complete melting temper-
ature was calculated, and the results are shown in Figs. 3 and 4. It can be seen
that the initial melting temperature and the complete melting temperature gradu-
ally decreased with the increase of additive content. When 3.3% Na2S was added,
the initial melting temperature and complete melting temperature decreased to
1075.51 °C and 1376.18 °C, respectively. At the same time, the melting temperatures
were 1107.34 °Cand1390.46 °Cunder 4.47%Na2CO3.By adding 6%FeO, the initial
and complete melting temperatures decreased to 1197.76 °C and 1397.77 °C. Thus,
it can be concluded that the most effective additive in decreasing the melting
temperature of slag is Na2S, and followed by Na2CO3, FeO.

Fig. 3 Effect of additive
content on initial melting
temperature
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Fig. 4 Effect of additive
content on complete melting
temperature
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Fig. 5 Effect of additives
content on ferronickel
growth
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Effects of Additives on Ferronickel Growth and Metal–Slag
Separation

In order to investigate the influence of additives on the growth of ferronickel grains,
the average diameter of ferronickel particles in the presence of different additives was
measured. The experiments were carried out at 1300 °C. The results in Fig. 5 indicate
that the average diameter increased from 16.68 µm to more than 20 µm with the
addition of Na2S, Na2CO3, and FeO.When 3.3% of Na2S was added, the diameter of
ferronickel increased to 35.55 µm. It was noteworthy that the average diameter was
almost unchanged when Na2CO3 was 2.98–4.47%, but the liquid content increased
by 1.68% (as shown in Fig. 2). It could be inferred that the liquid phase content was
not the only factor that promotes the growth of metal particles. The high-temperature
properties of the slag phase were also worth consideration.

It is concluded that the effect of Na2S content on the average diameter of
ferronickel particles was the most remarkable. Microstructure of roasting pellets
with different Na2S content were studied by optical microscope analysis in order
to understand the growth of ferronickel grains varying the Na2S content from 0 to
3.3%. The results are plotted in Fig. 6, in which bright areas represented ferronickel.
It can be seen that with the increase of Na2S content, the amount of small-size
ferronickel particles decreased gradually, and the amount of big-size particles grad-
ually increased. Ferronickel particles were mostly flaky. It can be concluded that
the small ferronickel particles particles were irregularly distributed throughout the
pellets in the absence of additive. With increase in the Na2S content, the small ferric
nickel particles gradually began to gather to the larger ones. Finally, flake ferronickel
particles were formed.
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Fig. 6 Microstructures of roasting pellets with different Na2S content (Bright area: ferronickel)

To investigate the temperature at which the slag or metal fractions begin to gather,
a metal–slag separation start temperature was defined as being defocused tempera-
ture due to the start of liquid slag or iron droplets coalescence [17, 18]. Slag–metal
separation is the starting point for the growth of ferronickel grains, which is of great
significance to the study of the growth and subsequent separation of ferronickel parti-
cles from nonmagnetic fraction. In situ observation carried out by CSLMwas used to
investigate the metal–slag separation behavior. the onset temperature of metal–slag
separation under different additives was determined, and the results are shown in
Fig. 7.

As shown in Fig. 7, the lowest onset temperature of metal–slag separation was
1101 °Cwith 4.47%Na2CO3. The temperature decreased from 1297 to 1123 °Cwith
increase of Na2S content from 0 to 3.3%, and it dropped from 1297 to 1126°C with
0–6% FeO. Compared with the results in Fig. 3, the temperature was higher than the
initial melting temperature and lower than the complete melting temperature, which
meant slag–metal separation occurs after existing a certain amount of liquid phase.

Conclusions

The additives of Na2S, Na2CO3, and FeO were effective fluxing agents that can
promote the formation of liquid phase that was beneficial to the growth of ferronickel
grains. In the experimental range of additives, Na2S was the most effective than other
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Fig. 7 Effect of additives on
the the onset temperature of
metal–slag separation
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additives (Na2S > Na2CO3 > FeO). As the Na2S content increased from 0 to 3.30%,
the liquid phase content reached the maximum of 47.86%, and the average diameter
increased from 16.68 to 35.55 µm. These additives were also capable of decreasing
the initial, complete melting temperatures and the onset temperature of metal–slag
separation. The onset temperature of metal–slag separation decreased from 1297
to 1101 °C after adding 4.47% Na2CO3. In most cases, the onset temperature of
metal–slag separation was within the range of melting temperature, indicating that
certain liquid phase content provides a material basis for the beginning of metal–slag
separation.
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Characterization of Soil from Areas
Degraded by Mining Activity in Campos
Dos Goytacazes-RJ, Brazil

A. R. G. Azevedo, J. G. F. Brainer, M. T. Marvila, G. C. Xavier,
and S. N. Monteiro

Abstract The claymineral extraction activity for the production of ceramic artifacts
generates huge problems related to the degraded areas. The objective of this research
was a physical, chemical, and mineralogical characterization of different soils from
regions degraded by the mining activity, located in the municipality of Campos
dos Goytacazes, RJ, Brazil. Five soil samples were collected (1 and 2: soil located
in São Sebastião—Campos dos Goytacazes—Brazil; 3, 4, and 5: soil located in
Saturnino Braga—Campos dos Goytacazes—Brazil) and characterized according to
their technological and environmental parameters in order to compare their results
by the literature and the Brazilian standard, and to verify the potential environmental
problem that occurred. The results showed that samples 1 and 2 were contaminated
by organic fuel, possibly from leaks from trucks that extract the still active deposit.
The sample 3, on the other hand, presented itself as rich in iron, being a factor to be
considered in the remediation technique to be used in this area.
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Introduction

The recovery of degraded areas is a legal duty guaranteed by the Brazilian Consti-
tution of 1981 after the reformulation of Law number 6.938/81 (National Policy on
the Environment) and the promulgation of the Federal Constitution of 1988, where
National Council for the Environment (CONAMA) is responsible for submitting
forms and assisting guidelines aimed at environmental quality [1, 2]. It is undeni-
able that the mining activity contributes to great impacts on the environment, since
the practice of mineral extraction often implies the suppression of vegetation, thus
exposing the soil to physical, chemical and biological weathering processes [3].

Thus, the greatest socio-economic and environmental losses of mining come from
environmental degradation by anthropic action, as there is a loss of CO2 capture, loss
of forest products, and ultimately the loss of livelihoods of the population that directly
uses the resources of the forest. It is evident, therefore, a negative interference of the
consequences of mining in people’s lives, but that this problem often goes unnoticed
[4].

In Brazil, the mining activity has great extractive potential and consequently
economic, thus the country focused on national development, aims to promote and
encourage through public policies and legislation the practice of mineral exploration
[5]. Since the proportion of incentive tomineral exploration and recovery of degraded
areas is unbalanced, due to the prioritization of the economic pillar at the expense of
the ecological one, there is a need for sustainability.

Clay mining aims to obtain clayey sediments, the classification is given by very
fine grains, below 1/256 mm (4 μm) in diameter. They can be formed by only one
clay mineral, but the most common is to be formed by a mixture of them, with a
predominance of one mineral. Such product from sedimentary rocks is associated
with oxides that will confer tone and properties [6, 7].

Given the ancient importance of clay, with ceramic material (clay and/or pure
oxides) being one of the main materials used in civil construction [8], the city
of Campos dos Goytacazes located in the North of the State of Rio de Janeiro,
Brazil, where there is an abundance of clay mineral, there is an exploration and
with it the degradation of such areas. Therefore, the objective of this research was
a physical, chemical, and mineralogical characterization of five different soils from
regions degraded by the mining activity, located in the municipality of Campos dos
Goytacazes, RJ, Brazil. In view of the objective, revegetation and the conduction of
natural regeneration provide the recovery of fauna and flora, affirming biodiversity
and ensuring environmental, social and economic balance [9, 10].

Materials and Methods

The Campos dos Goytacazes region (Fig. 1) is located in the north of the state of Rio
de Janeiro, being crossed by the Rio Paraíba do Sul. The soil in this region comes
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Fig. 1 Location of the soil
collection region [12]

from a sedimentary basin that, in the case of some regions, is widely used for mineral
extraction activities for the ceramic industry [11].

For this research, five soil sample collection points were selected for characteriza-
tion. The criteria for choosing these deposits were the depth of extraction, location,
whether or not they are in mining activity, occupation of the area after the mining
process and occupation of the area before mining, as shown in Table 1.

Table 1 Criteria for choosing the soil collection areas

Sample Extraction
depth (m)

Localization Whether or
not you are
in mining
activity

Occupation of
the area after
the mining
process

Occupation of
the area before
mining

01 0.90 São
Sebastião—Campos
dos
Goytacazes—Brazil

Yes – Animal pasture
area

02 1.20 São
Sebastião—Campos
dos
Goytacazes—Brazil

Yes – Animal pasture
area

03 1.35 Saturnino
Braga—Campos dos
Goytacazes—Brazil

No Degraded area
unused

Animal pasture
area

04 1.10 Saturnino
Braga—Campos dos
Goytacazes—Brazil

No Degraded area
unused

Animal pasture
area

05 0.95 Saturnino
Braga—Campos dos
Goytacazes—Brazil

No Degraded area
unused

Animal pasture
area



270 A. R. G. Azevedo et al.

For soil collection, a standard procedure was performed on all samples, where
the surface layer of soil was first removed by scraping the A horizon, which has
an accumulation of organic matter mixed with surface mineral material. Layer may
be contaminated with other transient elements in the system, defrauding the results
obtained [13, 14]. After removing the surface layer, the site was excavated with
manual instruments to a depth determined in Table 1, which was delimited according
to local conditions, such as potential exposure of the water table in some cases. Each
sample was collected in triplicate, being properly identified and transported to the
characterization laboratory.

The physical characterization of the soil samples was performed with particle
size analysis, according to the prescription of ABNT NBR 7181:1984 [15], which
consists of a combination of sieving and material sedimentation. In addition, part of
the sample was collected to verify the hygroscopic moisture and actual grain density
of each of the samples, according to the prescription of ABNTNBR 6508:1984 [16].

For the chemical characterization of the samples, the X-Ray Energy-Dispersive
Spectroscopy (EDX) technique was used in an equipment (Shimadzu, EDX700,
Japan), under a two-channel vacuum adjustment condition with the very fine powder
material placed in a sample holder. In the mineralogical characterization, the X-ray
diffraction (XRD) technique was used to identify the clay minerals and minerals
present in each of the collected samples. The equipment Shimadzu, XRD700, Japan,
with Cu-Kα radiation, with 40 kV and 30 mA, was used. The scan was carried out
with θ varying between the angles of 5–55º with a sweep speed of 2º/minute. The
results were observed in a comparative way with other data in the literature [17–19]

Result

Table 2 shows the results of the particle size analysis of the different soil samples
collected.

The results presented in Table 2 indicate that all the soil samples collected present
a predominance of clay in their constitution, in contents above 55% in all cases.
According to the literature [20–22], a soil with a predominance of clay has a range
corresponding to particleswith an equivalent spherical diameter <2μm.This reduced
diameter of these particles favors the process of increasing the potential transport of

Table 2 Particle size analysis of different soil samples collected from degraded areas

Particle size
classification

Sample 01
(%)

Sample 02
(%)

Sample 03
(%)

Sample 04
(%)

Sample 05
(%)

Sand Bulky 1.70 1.80 2.60 2.90 2.40

Average 7.70 6.50 5.40 5.80 6.10

Fine 11.10 11.80 10.80 10.20 11.50

Silt 20.70 21.10 22.50 22.30 22.40

Clay 58.80 58.80 58.70 58.80 57.60
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pollutants through the soil, which can be harmful in degraded areas [23]. On the other
hand, samples 03, 04, and 05 have higher percentages of sand, mainly in the bulky
sand fraction, which can counterbalance the clay effect [22]. Figures 2 and 3 show
the compiled results of hygroscopic moisture and actual grain density, respectively.
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The result shown in Fig. 2 shows that samples 01 and 02 have hygroscopic
humidity of 37.8% and 36.40%, respectively, these values being higher than those
found in the other samples. The higher humidity found can be attributed to the
concentration relative to the sand and silt fraction of these samples and also because
they are areas with a still active degradation stage, unlike the other samples that are
degraded areas already consolidated [13]. Figure 3 shows the actual grain density, in
which samples 01 and 02 have lower values due to the smaller proportion of coarse
sand fraction, while the results generally show similarity and compatibilitywith other
data in the literature [24]. Table 3 below shows the results of the chemical analysis
obtained from the different soil samples collected.

The results shown in Table 3 indicate that in all samples there is a high concen-
tration of SiO2 and Al2O3 which together are above 77% in all conditions evaluated.
This high concentration is typical of soil with kaolinitic predominance, found in
the study region and discussed in other works in the literature [23, 24]. The results
obtained in the mineralogical analysis of the different samples, available in Fig. 4
below, corroborate the other analyzes of this preliminary study.

It is observed in Fig. 4 the presence of kaolinite, quartz, and mica peaks, predomi-
nantly. In samples 1 and 2, however, there is a clear reduction in the peaks associated
with the kaolinite mineral (swept at 12.5 and 25º). This indicates that these two
compositions have leached from this type of mineral, extremely important for the
production of ceramic artifacts and essential for the environmental balance of the
soil, especially with regard to pH and fertility characteristics for agricultural appli-
cations to areas to be occupied after recovery [23]. Mica and quartz minerals do not
suffer a reduction in the amount of peaks, as these two minerals are denser and more
difficult to carry [13].

Another relevant aspect that deserves to be highlighted in samples 1 and 2 is the
presence of peaks of organic material, which are not observed in the other compo-
sitions (scan at 33 and 42º). This suggests that something different happened on
the ground in these compositions, as the same peaks were not observed in compo-
sitions 3–5. It is a strong indication of the contamination of these soils by organic
fuel, coming from vehicles that extract the raw material for ceramic production [21].
Another relevant issue is the presence of hematite peaks, which are more accentuated
in composition 3, indicating that this composition is rich in iron. This indicates that
this soil is made of red clay, widely used in ceramic artifacts to obtain the typical

Table 3 Chemical composition of oxides, in %

Sample SiO2 Al2O3 Fe2O3 TiO2 K2O Na2O CaO MgO Others

01 55.89 22.30 3.80 1.19 0.50 0.55 0.48 0.22 15.07

02 56.47 21.80 4.20 1.09 0.95 0.69 0.34 0.34 14.12

03 62.25 20.00 8.50 1.05 1.85 0.76 0.67 0.29 4.63

04 60.70 22.58 4.42 0.97 1.26 0.64 0.54 0.19 8.70

05 61.05 23.25 4.79 0.80 1.76 0.75 0.61 0.21 6.78
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Fig. 4 Result of the mineralogical analysis of the different samples evaluated

coloration, accentuated after burning. The high iron content can be harmful to the
recovery activities of these degraded areas,mainly due to the restriction of plantations
in this area.

Conclusion

The soils from samples 1 and 2, coming from areas that are still in the initial stage
of degradation and highly exposed, are highly susceptible to the degrading process,
showing traces of fuel spillage from the process of transporting the soil to the local
ceramic industries. This potential contamination hinders the future recovery process
of these degraded areas, in addition to making it compatible with other physical
parameters evaluated in this research.

The soil from sample 3 showed a higher concentration of iron, corroborated
by hematite peaks observed in the mineralogical composition. This condition will
certainly hinder the recovery process of this area, which is already degraded and
exposed, with potential contaminants permeating through the soil. A potential solu-
tion for this case is the revegetation of this area for its recovery, however, this will
be harmed by the conditions found.
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In all evaluated conditions, the soil proved to be a kaolinitic clay typical of the
study region, which presents physical, chemical, and mineralogical conditions that
must be monitored and followed up to predict the potential for recovery of these
degraded areas and their impacts on the local environment.

Acknowledgements The authors thank the Brazilian agencies: CNPq, CAPES, and FAPERJ for
the support provided to this investigation.

References

1. Brazil Constitution (1981) Constitution of the Federative Republic of Brazil (in Portuguese)
2. Brazil Constitution (1988) Constitution of the Federative Republic of Brazil. Brasília (in

Portuguese)
3. Mechi A, Sanches DL (2010) Environmental impacts of mining in the state of São Paulo. Adv

Stud 24(68):209–220. Available at: http://hdl.handle.net/11449/71822
4. Daily GC (1997) Nature’s services: societal dependence on natural ecosystems. In: Daily GC

(ed) Island Press, Washington, DC, pp 200–392. ISBN 1-55963-476-6
5. Sanchéz LE (2010) Planning andmanagement of the degraded areas recovery. Adv Stud 22(67)

100–140. Available at: http://hdl.handle.net/11449/71822
6. White PM (2008) Dictionary of mineralogy and gemology: texts workshop
7. Kulaif Y (2012) DNPM-SP/ DDM National Department of Mineral Production: Clay

production in Brazil (in Portuguese)
8. Mulinari M (2000) Analysis of the production process for the extraction of precious stones

aiming at profitable and environmentally efficient alternatives. Extr Ind Soc 6(4)
9. Center for Mineral Technology (2015) Technological Trends Brazil 2015: Geosciences and

Mineral Technology (in Portuguese)
10. Areias IOR, Vieira CMF, Colorado HA, Delaqua GCG, Monteiro SN, Azevedo ARG (2020)

Could city sewage sludge be directly used into clay bricks for building construction? A
comprehensive case study from brazil. J Build Eng 31. https://doi.org/10.1016/j.jobe.2020.
101374

11. Brazilian Institute of Geography and Statistics (IBGE). https://biblioteca.ibge.gov.br/visualiza
cao/livros/liv101712.pdf Accessed 2 Aug 2021 (in Portuguese)

12. Azevedo ARG, Klyuev SV, Klimenko VA, Marvila MT, Fediuk R (2021) Characterization of
different brazilian soils for the production of ceramic artifacts. Mater Sci Forum. https://doi.
org/10.4028/www.scientific.net/MSF.1017.123

13. Lousada LL, Freitas SP, Marciano CR, Esteves BS,Muniz RA, Siqueira DP (2013) Correlation
of soil properties with weed occurrence in sugarcane areas. Planta Daninha 31(4):765–775.
https://doi.org/10.1590/S0100-83582013000400002.(InPortuguese)

14. Brazilian Association of Technical Standards (1984) Soil—Method for granulometric anal-
ysis of soils, performed by sieving or by a combination of sedimentation and sieving: NBR
7181:1984. 1988. Rio de Janeiro, RJ, 1984 (in Portuguese)

15. BrazilianAssociation of Technical Standards (1984) Soil—Method for determining the specific
mass of soil grains that pass through a 4.8 mm sieve: NBR 6508. Rio de Janeiro, RJ, 1984 (in
Portuguese)

16. Anderson JD, Ingran JSI (1993) Tropical soil biology and fertility: a banbook of methods. 2.
ed. Wallinglard: UK CAB International, 171p

17. Vitti GC (1989) Assessment and interpretation of sulfur in soil and plant. Jaboticabal:
FCAV/FUNEP, 37p (in Portuguese)

18. EMBRAPA (1997) Manual of soil analysis methods. 2. ed. Rio de Janeiro: National Soil
Research Center—Embrapa Solos, 210p (in Portuguese)

http://hdl.handle.net/11449/71822
http://hdl.handle.net/11449/71822
https://doi.org/10.1016/j.jobe.2020.101374
https://biblioteca.ibge.gov.br/visualizacao/livros/liv101712.pdf
https://doi.org/10.4028/www.scientific.net/MSF.1017.123
https://doi.org/10.1590/S0100-83582013000400002.(InPortuguese)


Characterization of Soil from Areas … 275

19. Huaraca-Meza F, Custodio M, Peñaloza R, Alvarado-Ibañez J, Paredes R, De la Cruz H,
Lazarte-Pariona F (2022) Bacterial diversity in high andean grassland soils disturbed with
lepidium meyenii crops evaluated by metagenomics. Braz J Biol 82. https://doi.org/10.1590/
1519-6984.240184

20. ProdanaM, Bastos AC, Silva ARR,Morgado RG, Frankenbach S, Serôdio J, Loureiro S (2021)
Soil functional assessment under biochar, organic amendments and fertilizers applications in
small-scale terrestrial ecosystem models. Appl Soil Ecol 168. https://doi.org/10.1016/j.apsoil.
2021.104157

21. Takagi T, Shin K, Jige M, Hoshino M, Tsukimura K (2021) Microbial nitrification and acid-
ification of lacustrine sediments deduced from the nature of a sedimentary kaolin deposit in
central japan. Sci Rep 11(1). https://doi.org/10.1038/s41598-021-81627-4

22. El-Mehalawy N, Awaad M, Turky GM, Ali-Bik MW, Abd El Rahim SH, Naga SM (2021)
Self-glazing dielectric ceramic bodies fabricated from egyptian rhyodacite and kaolin. Mater
Chem Phys 270. https://doi.org/10.1016/j.matchemphys.2021.124785

23. Vieira CMF, Sánchez R,Monteiro SN (2008) Characteristics of clays and properties of building
ceramics in the state of rio de janeiro, brazil. Constr Build Mater 22(5):781–787. https://doi.
org/10.1016/j.conbuildmat.2007.01.006

24. Vieira CMF, Soares TM, Sánchez R, Monteiro SN (2004) Incorporation of granite waste in red
ceramics. Mater Sci Eng, A 373(1–2):115–121. https://doi.org/10.1016/j.msea.2003.12.038

https://doi.org/10.1590/1519-6984.240184
https://doi.org/10.1016/j.apsoil.2021.104157
https://doi.org/10.1038/s41598-021-81627-4
https://doi.org/10.1016/j.matchemphys.2021.124785
https://doi.org/10.1016/j.conbuildmat.2007.01.006
https://doi.org/10.1016/j.msea.2003.12.038


Comparative Study of Staining
Resistance for Polished and Resined
Silicatic Ornamental Rocks
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Abstract The consumption of ornamental stones has become expressive in the
world and has spread widely as a coating material. Therefore, in order to overcome
the problems observed in relation to mechanical strength associated with rocks, an
epoxy-based resin was developed to waterproof them and maintain their strength.
Therefore, in addition to verifying whether the resin promotes resistance gains, the
possibility that it offers stain resistance was evaluated. To carry out the tests, four
types were chosen whose commercial names are Ornamental Yellow, Corumbazinho
Gray, Ocher Itabira, and Labrador Green, divided into polished and resined. After the
test, lemon juice and steel wool were the staining agents that caused the most visible
changes. In addition, it was observed that some resin materials had a greater loss of
gloss compared to polished ones, making it clear that the resin did not waterproof
the rock in terms of loss of gloss.
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Introduction

Ornamental stones have more and more attention due to variety of lithotypes, their
aesthetic beauty, versatility, among other aspects. The characteristics that add value
to the rock such as brightness, texture, color, and homogeneity, for example, are
given to the rock during its formation due to geological and environmental factors
that gave rise to it. Thus, the ornamental stone production chain tends to occupy
more and more space in the Brazilian economic scenario, generating thousands of
jobs directly or indirectly [1].

According to data from the Brazilian Association of Dimension Stones Industry
(ABIROCHAS), Brazil is highly active in the field of exports and ranks among the
five largest stone exporters in the world. In 2016, the country exported rocks to over
120 countries and the United States of America (USA) was again its main customer.
Sales to these three destinations (USA, China, and Italy) together accounted for
80.6% of total external rock sales. The state of Espírito Santo is the country’s largest
producer of ornamental stones, around 50%, and responsible for 75% of the physical
volume of exports [2].

Once the importance of the sector is shown, attention should be paid to the appli-
cation of the rocks. The most varied lithological types found in nature have their own
characteristics and react in different ways when exposed to bad weather and chem-
ical substances [1]. Even rocks with high mechanical resistance are susceptible to
staining of the material, which can be caused by inappropriate use of products and/or
maintenance of wrong procedures. The sum of these factors can cause permanent or
temporary changes in the rock’s feature [3].

Changes in the rock surface occurwhen a substance penetrates the rock, which can
cause the blemish, change in color, or loss of brightness, altering its original visual
form. In order to minimize such occurrences, the industry has developed resins that
increase the mechanical strength of rocks, creating a protective layer that prevents
direct contact of external agents with the rock surface [4].

Thus, seeking to contribute to studies related to staining of stone materials by
everyday products, this work aims to compare the behavior of polished and resined
rock against exposure to everyday substances and correlate them with the cleaning
steps, brightness measurements, and visual analysis, in order to verify the particu-
larities of the behavior of polished and resined materials throughout the experiment,
in addition to making adaptations of standardized staining tests for ceramic plates,
which is applied to ornamental stones.

Materials and Methods

The work followed a methodology (Fig. 1) that can be seen in more detail in the
flowchart below, enabling a better understanding of each step performed during the
work and the tests performed.
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Fig. 1 Flowchart of the steps developed

Four types of lithotypes were chosen to carry out the tests, namely: Amarelo
Ornamental, Cinza Ortognaisse/Corumbazinho, Ocre Itabira, and Verde Labrador.
All were produced and processed in the state of Espírito Santo, being among the
most sold in the domestic market due to its aesthetic standard, its varied colors,
and its commercial value. From this, 16 specimens were prepared for each type of
lithotype, 8 resined and 8 polished with surface dimensions (7.5 × 7.5 cm), totaling
64 specimens, which were divided into one group of polished rock and the other of
resined polished rock [5].

A staining agent is understood to be a product that, in contact with the rock surface
for a certain time, is capable of producing temporary or permanent stains that alter
visual characteristics such as color and surface shine of the rock. Thus, to carry out
the staining test, the criteria for choosing staining agents were products that are used
in everyday life. Being divided into culinary and cleaning products that are often
products used in daily life in domestic environments, especially in kitchens (sinks
and countertops), since the standard does not specify which agents should be adopted
[6].

The cleaning agents for stain removal are chosen in accordance with the standard
of ABNTNBR 13,818 [3] annex G. To carry out the first attempt to remove the stain,
warm water was used as an agent. For the second and third attempts to remove the
stain, two cleaning agents were chosen, a weak one with a pH between 6.5 and 7.5
and a strong onewith a pH between 9.5 and 10.5, respectively, according to Fassarela,
in his studies found neutral detergent as a weak pH agent, while multipurpose paste
as a strong pH agent [4].

The standard specifies test procedures. To do the same, the following substances
were used as staining agents: lemon juice, grape juice, vinegar, Coca-Cola, washing
powder, detergent, bleach and steel wool with water, and the cleaning agents that are
standardized were warm water, detergent, and multipurpose paste. The device used
for the brightness measurements was the Gloss meter. The specimens were selected
and prepared, the stone plates were placed in contact with the staining agents and
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Fig. 2 Specimens separated into polished and resined

then attempts were made to remove the stains [7]. To start the test, the specimens
must be clean and dry. For this, the specimens were washed with running water and
left to dry at room temperature, around 25 °C, for a minimum of 24 h. The next step
was the identification of the specimens. For this test, there were 16 specimens per
lithotype, divided into 8 polished and 8 resined, as shown in Fig. 2.

At the end of this step, the specimens were cleaned with the aid of a flannel and
then the gloss measurements were carried out on the surface of the specimens with
the aid of the Gloss meter device. Gloss measurements were randomly performed in
the center of the specimen, a region that was exposed to staining agents. The device
was programmed to perform the collection of 40 points of brightness measurement
in each specimen, at the end of the 40 measurements the device presents an average
on its display. At the end of this step, a total of 2560 brightness measurements were
collected [8].

After the 24-h period that the rock was exposed to the staining agent, the rock
was cleaned with running water to remove excess surface agent and 24 h were
allowed for a visual analysis of the stone plates and new brightness measurements
were performed. Then began the process of trying to remove the stains. In the first
cleaning attempt, the agent used was warmwater [9]. The remaining specimens were
placed in trays filledwith warmwater at a temperature of approximately 66.1 °C until
they were submerged. They were kept that way for approximately 5 min. With the
aid of a paper towel, excess water was removed and the specimens were placed to dry
at room temperature for a period of 24 h. After this period, a new gloss measurement
was performed on the surface of the specimens.

The second cleaning step consists of applying cleaning agent 2, which is the
neutral detergent, scrubbing for about 2 min with the aid of a sponge. After this
procedure, the surface was washed with running tap water and then the bodies were
left to dry at room temperature for a minimum period of 24 h. After this period, new
gloss measurements were performed on the surface of the specimens.
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The third cleaning attempt was to wash the rock with the aid of a sponge, but the
cleaning agent used was themultipurpose paste. And again, new gloss measurements
were performed on the surface of the specimens.

Results and Discussion

The results will be arranged and discussed according to: in relation to visual changes
after staining, change in brightness after exposure to staining agents and change in
brightness after cleaning steps in each of the rocks.

1. Assessment of visual change after staining:

1.1 Amarelo Ornamental: after exposure to staining agents, the Amarelo Orna-
mental that was exposed to grape juice, detergent, and bleach showed visual changes.
The grape juice caused purple stains on the rock, both in the polished material and in
the resin, but in the resin, the stains had amilder change. The detergent and bleach, on
the other hand, caused the material to fade, the rock became lighter in both materials.
With the other staining agents, they showed no apparent visual changes [10].

1.2 Cinza Ortognaisse/Corumbazinho: after exposure to staining agents, the
samples that were exposed to grape juice, Coca-Cola, washing powder, and steel
wool showed visual changes. The grape juice made the light minerals in the mate-
rial acquire a yellowish color, both in the polished and resined material. The same
fact was verified with Coca-Cola. Powder soap made the rock appear darker, in the
polished material, staining was more intense. The steel wool oxidized, with it, the
exposed rock turned yellowish. The other agent’s lemon juice, vinegar, detergent,
and bleach did not cause visual changes. Grape Juice was the staining agent that
caused the most visual changes in both polished and resined plates.

1.3 Ocre Itabira: in this material, only the steel wool caused a visual change in
the rock, the area that was exposed to this staining agent acquired a yellow color,
characteristic of the oxidation of steel wool, both in the polished and resinedmaterial.
The other staining agents did not cause visual changes in the materials [11].

1.4 Verde Labrador: after exposure to staining agents the samples that were
exposed to lemon juice, vinegar, bleach, and steel wool showed visual changes. The
lemon juice acted under the rock making it look “faded”. In the polished material,
this happened more intensely than in the resin. The rock exposed to vinegar turned
white. In resined samples, this happened in a milder way. The same fact was verified
for bleach. With steel wool the material became darker, the green became a darker
and more intense green. The other staining agents, grape juice, Coca-Cola, washing
powder, and detergent did not cause visual changes in the materials. The bruising
agent that caused the most visual alteration in this material was the lemon juice in
the polished material.

2. Change in post-staining brightness:

Equation (1) is used for brightness variation:
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�B = [(Bi− Bf)/Bi]× 100 (1)

where

Bi = Initial brightness
Bf = Final brightness
If �B > 0 the material had a loss of brightness;
If �B < 0 the material has a gain in brightness.

2.1 Amarelo Ornamental: after contact with staining substances, almost all mate-
rials lost their shine, with the exception of the grape juice in the polished material,
which gained in shine. Juice generated a greater loss of brightness in polished rock
when compared to resined ones. The stone slabs stained with vinegar, Coca-Cola,
washing powder, detergent, and bleach all lost their shine, but the resin ones had a
greater loss. With steel wool the polished rock had no change in brightness and the
resin lost. The staining agent responsible for the greatest variation in brightness in
this material was the bleach in the resined rock and the one that showed the least
change was the steel wool in the polished one [12].

2.2 Cinza Corumbazinho/Ortognaisse: after the test, most of the samples lost
shine, with the exception of the polished rock whose staining agent was steel wool,
and showed a gain in shine. The staining agent’s lemon juice, vinegar, Coca-Cola,
detergent, and bleach caused a loss of shine, but in the resinous material, there was
a greater loss than in the polished one. Grape juice and soap powder also provided
a decrease in the percentage of gloss; however, polished materials had a greater loss
of gloss compared to resin materials. Again, the staining agent responsible for the
greatest variation in brightness was the bleach on the resined rock and the one that
showed the least change was the detergent on the polished rock.

2.3 Ocre Itabira: almost all staining agents caused a loss of shine, with the excep-
tion of detergent and steel wool, which provided a gain in shine, both in the polished
and in the resin. With the staining agent’s lemon juice, grape juice, Coca-Cola,
washing powder, and bleach, the stone slabs showed the same loss of shine for the
same staining agent in both polished and resined ones. With vinegar, the polished
material showed a greater loss of shine. Ocre Itabira was the material that showed
more uniform results after staining. Showing equal or close values for polished and
resined materials [13]. Again, the staining agent responsible for the greatest varia-
tion in brightness was bleach in both the resined and polished rocks, and the one that
showed the least change was the detergent in the resined material.

2.4 Verde Labrador: from the data of brightness measurements obtained, it can
be observed that after coloring almost all coloring agents caused loss of brightness,
with the exception of the polished stone stained with grape juice, which showed
gain. The dyes lemon juice, vinegar, detergent, bleach, and steel wool caused a loss
of shine, but the polished rock showed a greater reduction. With washing powder
and Coca-Cola, the resins showed a greater drop compared to polished ones after
measurements with the gloss meter. The staining agent responsible for the greatest
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variation in brightness in this material was the lemon juice on the polished stone and
the one that showed the least change was the grape juice on the polished material.

3. Evaluation of change in brightness after cleaning steps:

3.1 Amarelo Ornamental: after cleaning step 1, that is, after warm water, some
materials stained with: lemon juice, washing powder, detergent, and bleach on the
polished plates and those exposed to vinegar and washing powder agents in resins
showed a gain in brightness, the other plates had a loss of brightness. Then, after
cleaning step 2, which the cleaning agent was detergent, only resin stains stained
with powdered soap and bleach showed a brightness gain, the other materials had
a loss of brightness. In cleaning step 3, in which the multipurpose paste was used,
all materials showed a loss of shine [14]. This was due to the fact that the paste is
abrasive, promotingwear on the rock surface. Inmany cases, as can be seen,materials
with resin showed a greater loss of gloss. In general, all slabs were purchased from
sound rock and after all cleaning attempts they lost their shine. At the end of the
cleaning attempts, the resin-based rock stained with bleach showed the greatest loss
of shine and the one with the least variation was with powdered soap on the polished
rock.

3.2 Cinza Ortognaisse: after cleaning step 1 (warm water) most materials showed
a gain in brightness, with the exception of the polished rock stained with grape
juice and detergent and the resin exposed to the agents of grape juice and bleach.
Then, after cleaning steps 2 (detergent) and cleaning process 3 (multipurpose paste),
all materials, both polished and resined, lost their shine. In general, comparing the
healthy rock with it after the test and all cleaning attempts, the materials showed
a loss of gloss and the resinous materials were the ones with the greatest loss of
surface gloss. At the end of the cleaning attempts, the resinous rock stained with
Coca-Cola showed the greatest loss of shine and the one with the least variation was
with powdered soap on the polished rock.

3.3 Ocre Itabira: after the first cleaning step (warm water), the materials stained
with lemon juice, soap powder, bleach and steel wool showed a gain in brightness,
both in polished and resined ones. On the other hand, rocks exposed to grape juice,
vinegar, Coca-Cola and detergent had a loss of shine after cleaning step 1. After
cleaning step 2 (detergent), almost all materials showed loss of shine, except for
stained materials with washing powder and detergent. Gloss measurements, after
cleaning process 3 (multi-purpose paste) of all materials with the exception of the
resin-based rock stained with bleach, had a loss of gloss [15]. During the test, Ocre
Itabira was the material that presented the most uniformity of values considering the
same staining agent for the polished and resined material. In general, comparing the
healthy rock with it after the test and all cleaning attempts, the materials showed a
loss of gloss and the resinous materials were the ones with the greatest loss of surface
gloss. After all cleaning attempts, the polished rock stained with grape juice showed
the greatest loss of shine and the one with the least variation was with steel wool in
the resin material.

3.4 Verde Labrador: after the first cleaning step, almost all materials showed loss
of shine, with the exception of the polished rock exposed to grape juice and vinegar
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and the resinous stone plates stained with lemon juice, grape juice, vinegar and steel
wool, which had gained of shine. After cleaning step 2, most materials showed a gain
in brightness. Polished rocks whose staining agents were lemon juice, Coca-Cola and
water, and resinous materials that were tested with vinegar and steel wool had a loss
of shine [8]. After cleaning step 3, all polished and resined rocks have lost their shine.
In general, comparing the healthy rock with it after the test and all cleaning attempts,
the materials showed a loss of gloss, however resinous materials were the ones with
the greatest loss of surface gloss. At the end of the cleaning attempts, the resinous
rock stained with lemon juice showed greater loss of shine and the one that had the
least variation was with powder soap on the polished material [16].

Conclusion

Visual analysis andmeasurements of brightness after staining and after cleaning steps
brought unprecedented results regarding the use of the resin. The importance of this
work is given by the possibility of verifying thematerials that suffered staining,which
staining agents caused the most changes in the rock and also those in which visual
changes were not observed, although with the aid of the Gloss Meter, changes in
brightness were presented. Once the rock surface is exposed, it can show visible and
irreversible damage, as was the case with somematerials. By quantifying the changes
through brightness measurements, an important tool in the prevention of pathologies
due to the use of ornamental stones in environments with high exposure to a range
of chemical substances, such as in sinks and kitchen countertops, is obtained.

In general, all materials showed a loss of gloss at the end of the test, in some
cases during the test or in some cleaning steps the material gained gloss, but after
the last cleaning step, there was a loss of gloss, mainly associated with the use of the
multipurpose paste, which caused abrasive wear on the rock.

Resin materials in many cases showed greater loss of shine than polished rocks,
however, they visually had less visual alteration, a fact that can be verified in theVerde
Labrador stained with lemon juice, which was the material that had the most visual
alterations. However, what could be observed is that the polished and resined mate-
rials in general would not follow a pattern throughout the tests, varying randomly,
but at the end of the tests, all had a loss of shine as a result.

After the staining step, the material that showed the most variation in brightness
was the resinous Cinza Ortognaisse stained with bleach, on the other hand, the
one with the least variation was the Amarelo Ornamental polished with the steel
wool agent. The visual and brightness changes, in most cases, could not be reversed
during the cleaning steps, however, in many cases they were mitigated as in the
Amarelo Ornamental stained with grape juice, detergent, and bleach and in the Cinza
Corumbazinho stained with the steel wool. Finally, the methodology used proved to
be efficient for stone materials and the staining analysis carried out visually and
by the quantitative method of verification of brightness measurements allows the
adoption of criteria and establishing limits for a qualitative classification.
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Abstract The sector of ornamental rocks has been enabling the insertion of more
sustainable technologies in industrial activities and extraction, thus, seeking better
use of rock materials for cladding in the construction industry. This study aimed to
evaluate the flexural strength of rock materials when submitted to shingling and resin
coating techniques. Thework quantified themodulus of rupture frombending stresses
at four points, according to Brazilian standard. Thematerials analyzed were Vicenza,
Romanix, and Nevasca, in their raw state and after being submitted to epoxy-based
shingling and resin coating. The results showed that after the strengthening processes
of the materials evaluated, there was an increase in flexural strength in four points
for both materials when compared to NBR 15.844, except the material Nevasca (raw
state), which did not show a satisfactory value. Thus, most of the materials could be
considered suitable for cladding in civil construction applications.
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Introduction

The stone industry represents a global powerhouse market and drives major
economies around the world [1]. Brazil can be considered one of the protagonists
in the production and commercialization of ornamental stones, corresponding to a
production of 8 million tons, and can be considered among the five largest producers
in the world with a global participation of 5.4% [2, 3].

Ornamental stones can be processed and finished for ornamental and cladding
purposes, thus occupying a large space in the construction sector and representing
more than 70%of the total produced [2, 4]. The use of these stones is constantly being
valued from a more environmental perspective, because the methods for extracting
natural stone are quite aggressive [3, 5]. The processing of ornamental stones gener-
ates about 30%–40% of losses in the form of debris throughout the various stages
of the industrial process, from extraction to the finishing stage [6]. Thus, its use in
civil construction, besides mitigating environmental impacts, potentiates the benefits
regarding physical and mechanical properties, durability, as well as the importance
of the technological characterizations performed on the stones, with more focus on
their applications and better performances [7, 8].

Natural stone is used as a building material because of its aesthetic, mechanical,
and durable properties. Often, some stones have weaknesses that are mechanically
critical because they can restrict their processing. Therefore, epoxy resin treatment
has become widely used due to its good performance and good finishing properties
[9].

Besides this treatment, some types of stones are directly associated with the
development of reinforcement techniques, better known as shingling. The shingling
process aims to give the ornamental stones an increase in resistance to bending efforts
and consists in the fixation of a glass fiber mesh, with the help of a resin, generally
epoxy, on the back of the rock slab. With this, this technique seeks to attenuate
the appearance of cracks or breaks during the finishing and transportation of the
stones [10]. Moreover, the resin when used on the rock surface can also be related
as a strengthening technique, because it has the ability to percolate the fractures and
micro-cracks of the material, filling the preferential areas of breakage and increasing
the resistance efforts [9].

The ornamental stones are usually heterogeneous materials, with variations in
petrographic characteristics due to their formation in the geological environment, but
with high added value. However, this heterogeneity directly influences the mechan-
ical properties of the material, especially the bending strength. This problem may
also be associated with the fact that the reinforcement process does not follow a
precise methodology, affecting the quality and performance of rock materials [10].

In this context, knowing that the use of strengthening techniques allows the
improvement of the performance of stonematerials, as well as considering theminer-
alogical and textural factors of the material in these processes, the present study
sought to evaluate the flexural strength of stone materials (Vicenza, Romanix, and
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Nevasca) when subjected to shingling and resin treatment, thus allowing a compar-
ative relationship between the interference of these treatments in relation to the
materials in natura.

Materials and Methods

Three materials of polished lithotypes with distinct petrographies named Vicenza
(Fig. 1a), Romanix (Fig. 1b), and Nevasca (Fig. 1c) were selected, in their raw
state, subjected to the treatments of shingling and resin (epoxy), according to NBR
15,845–7 [11]. Initially, petrographic analysis of each type of material (macroscopic
and mineralogical) were performed in order to characterize the stones.

To perform the resin treatment of thematerials shingledwith fiberglasswith a basis
weight of 80 g/m2 and 4 × 4 mm mesh, the combination of epoxy resin (epichloro-
hydrin and bisphenol-A base) and a catalyst were used to cure the material at 37% for
48 h, totaling 6 g of mixture composed of resin and catalyst. These parameters were
stipulated by the manufacturer and should be adopted for the chemical compound to
react properly. Samples with dimensions of 30 × 100 × 400 mm were selected for
each test, cut parallel to their structure. Before the resin coating process of the shin-
gled materials, the samples were submitted to a washing process in order to remove
impurities that could compromise the adhesion between the resin and the surface of
the material. After complete washing, the samples were sent to the oven in order to
remove the humidity from the stones for 48 h.

After removing the samples from the oven, they were cooled, followed by the
resin weighing step, which was done individually for each shingled sample. For this,
a precision scale was used, adding in a plastic container the proportions of resin and
catalyst previously established, mixing them using a glass rod. The resin was applied
and spread for 8 min uniformly throughout the top layer of the samples with the help
of a plastic spatula so that the product permeates all possible voids and fractures in
the stone.

(b)(a) (c)

Fig. 1 Evaluated stones. a Vicenza; b Romanix; c Nevasca
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Subsequently, the samples were dried at room temperature for 48 h, meeting the
curing time of themixture and ensuring the necessary adherence to avoid interference
in the rupture stage of the materials. After this step, four width measurements and
eight thickness measurements were made in different points of the specimens with
the aid of a pachymeter. Afterwards, the specimens were again placed in an oven at
70 ºC for 48 h, avoiding the probable humidity from the previous stages.

In order to establish a comparison related to the changes in the mechanical perfor-
mance of the evaluated rocks, the 4-point bending test was performed according to
NBR 15,845–7 [11] with reinforced and unreinforced specimens, using an EMIC
hydraulic press with a minimum capacity of 100 kN.

Results and Discussion

The results obtained from the petrographic analysis of the evaluated stones (macro-
scopic and mineralogical) according to NBR 15,845–2 [12] showed for each stone
type (Table 1).

According to the analysis performed, it can be stated that the flexural strength is
very dependent on the mineral structure and texture of the stone since this influences
the different planes of weakness by which the stones can break. With this, it was
possible to observe that the samples have the samemainminerals, due to the proximity
of the stone conditions, but there are quantitative variations that should be considered,
because they influence mainly the mechanical behavior of the stones [3]. As for the
results regarding the flexural strength of the samples, the data are shown in Fig. 2.

Table 1 Macroscopic and mineralogical characteristics of stones

Stone type Macroscopic characteristics Mineralogical characteristics

Vicenza Very coarse-grained stone with yellow
feldspar phenocrysts

85% microline, 5% quartz, 4%
plagioclase, <1% alanite and 5%
biotite

Romanix Stone in the sound state, white colored,
massive, dense, heterogeneous,
inequigranular, and with fine to
medium-grained minerals

35% plagioclase, 25% alkali
feldspar, 25% quartz, 10% biotite,
and 5% muscovite

Nevasca Cohesive, dense stone, slightly foliated,
with heterogeneous aspect, formed by
crystals of feldspars and quartz of whitish
to slightly pinkish color, with millimeters
and centimeters dimensions, detached in a
matrix where these minerals are associated
with biotite and muscovite vanes and
dispersed crystals of red garnet and
tourmaline

45% microline, 25% quartz, 15%
plagioclase, 8% tourmaline, 4%
muscovite, 3% garnet
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Fig. 2 Flexural strength by
four points bending

Through the data obtained, it was possible to verify that the Vicenza stone, after
the reinforced techniques, showed an increase of 9.53% in flexural strength at four
points when compared to the unreinforced form, while the Romanix rock showed
an increase of 19.41% compared to the unreinforced material. The Nevasca stone,
on the other hand, showed a significant increase in flexural strength in four points,
corresponding to 34.31% when compared to the unreinforced.

For the Vicenza and Romanix types, it was also found that their average tension,
regardless of the condition of the stone (reinforced and unreinforced), was higher
than the value of 8 MPa (Fig. 3) stipulated by NBR 15.844 [13].

As for the Nevasca type, it was noted that this material in its raw state showed
flexural strength lower than the value stipulated by the standard (Fig. 4). This may
occur due to this type of stone being inferior to the others evaluated in natura, since

Fig. 3 Increased flexural
strength compared to NBR
15.844



292 L. M. Campos et al.

Fig. 4 Flexural strength
lower than the value
established by NBR 15.844
for Nevasca in raw state

the raw stone usually shows characteristics of weakness, which can be verified from
the mechanical point of view [9].

Thus, comparing the stones evaluated after being submitted to the treatments of
shingling and resin coating, with regard to the four-point bending strength, it can be
stated that the Romanix-type stone is the most suitable for application as cladding in
civil construction, followed by the Nevasca-type stone, and then the Vicenza type. In
addition, study [14] affirm that using the four-point bending technique collaborates
to the effective evaluation of the stones that demand better geometric dimensioning
in their applications.

Conclusion

It was possible to verify with the present study that the technological characteriza-
tion for cladding materials is quite relevant, since the petrographic characteristics
provide the most significant mechanical performance of the evaluated rocks. The
resistance to bending in four points was analyzed for the three rocks named Vicenza,
Nevasca, and Romanix, in natura and after submitted to the treatments of shingling
and resin coating, showing a significant increase for each of 9.53%, 19.41%, and
34.31%, respectively. Thus, concluding that the materials evaluated are suitable for
civil construction cladding according to Brazilian standards. Thus, this study showed
that using reinforcement techniques contributes to increasing the performance of the
types of stones evaluated, as well as the choice of technique for evaluating their
technological properties.
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Comparison of Ceramic Blocks
Incorporated with Ornamental Rock
Waste in Hoffman and Caieira Furnace

E. B. Zanelato, A. R. G. Azevedo, M. T. Marvila, J. Alexandre,
and S. N. Monteiro

Abstract The production of ceramicmaterials for the construction industry consists
of different processes, amongwhich burning can be highlighted. The burning process
is primarily responsible for the final properties of the ceramic piece. As it is a gradual
process of increasing the temperature, the environment provided by the furnace is
essential for the burning to occur in a homogeneous way. Considering the trend of
incorporation ofwaste in ceramics, the objective of thiswork is to compare the perfor-
mance of two different furnaces, Hoffman and Caieira, in the production of ceramic
pieces incorporated with ornamental rock waste. Physical and chemical characteri-
zation tests of the residue and clays were carried out. To evaluate the performance
of the pieces burned in each furnace, mechanical resistance, water absorption, and
linear variation tests were carried out. The results indicated that the pieces burned in
the Hoffman furnace have superior properties to the Caieira furnace.

Keywords Ceramic · Residue · Furnace

Introduction

The red ceramic and ornamental stone industries are responsible for a considerable
part of the economy in several places in Brazil and in the world. There is a high
demand for ceramic pieces for civil construction works, becoming a basic segment
in several places where there is expansion and modernization of urban centers. The
ornamental stone industry, where the location of the poles is more restricted to places
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close to the rock extraction, also have high demand in different industries, including
civil construction.

The production of red ceramics still presents very rudimentary aspects, both in the
materials used and, in the processes, and equipment. Studies carried out within this
area are fundamental for the advances of the red ceramic industry and, consequently,
for the improvement of the performance of its products.

Analyzing the manufacturing process of ceramic pieces, it can be seen that the
firing step stands out as one of the main steps. The firing process, in general, is
similar in all local ceramics, where the procedure is given by the gradual heating
of the furnace for long periods and the final rise in temperature to the firing level,
however, due to the use of different furnace, the efficiency with which each furnace
performs the firing is different.

The verification of the efficiency of different types of furnace is recurrent, works
such as Viera [1] that among the furnace used is the Hoffman, or de Morais [2] that
among the furnace used is the Caieira, in addition to the report produced by INT
[3] which presented comparative data between different furnaces. It is also worth
mentioning the studies carried out with the objective of individually evaluating each
stage of themanufacturing process for each type of furnace such as the one inAzevedo
[4].

In addition to the type of furnace used, another variable that directly influences the
properties of manufactured ceramic pieces is their composition, that is, the dosage
of raw materials for the production of ceramics.

In addition to clay, several residues have been usedwith the objective of combining
performance and reducing the environmental impact, where the ornamental rock
residue can be highlighted.

Several studies have already pointed out the ornamental rock waste as a solution
to reduce the production cost, the environmental impact, in addition to increasing
the performance of materials such as: concrete [5], mortar [6], and ceramic blocks
[7].

The use of ornamental rock waste in red ceramics reduces the environmental
impact in two different ways: (1) Replacement of clay, raw material removed from
deposits for use in industry and (2) Appropriate destination for a waste that would
be discarded in landfills [7].

The objective of this work is to evaluate the performance of ceramic pieces manu-
factured with different levels of incorporation of ornamental rock waste burned in
Hoffman and Caieira furnace.

Materials and Methods

The clay used in the work was collected directly from the ceramic sector, being a
material used for making ceramic masses.
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Dimension stone residue was collected in settling deposits in the ornamental rock
industry. The residue was collected in the form of sludge and placed to dry in the
environment and later in a furnace.

The particle size analysis was performed following the standards of the NBR 7181
[8]. The fraction of the material retained in the 0.074 mm opening sieve (ABNT
#200), the samples were classified by sieving. The passing fraction of material in
the same sieve was classified by sedimentation. To carry out the sedimentation test,
the substance sodium hexametaphosphate, a material with deflocculating action,
was used. To classify the soil, the standard of Casagrande (1942)—Unified Soil
Classification System was used. Classification is also used by the U.S. Army Corps
of Engineers (Airports) and U.S. Bureau of Reclamation (Dams).

The material used in the Atterberg limits was ground and passed through a 0.42-
mm aperture sieve (ABNT #40). The plasticity limit test was performed according
to NBR 7180 [9], while the liquidity limit was performed according to NBR 6459
[10].

The determination of the real grain density was performed according to NBR
6457 [11] and NBR6458 [12], using a pycnometer.

The chemical composition was obtained through Energy-Dispersive X-Ray Spec-
troscopy (EDX), in the SHIMADZU EDX 700 equipment. With the test, it was
possible to identify the amounts of each of the chemical elements present in the clay.

Five formulations were made to make the ceramic. The reference using only clay,
in addition to replacements of 5%, 10%, 15%, and 20% of the clay mass per residue.
the masses were

The ceramic formulations were molded by extrusion in the laboratory and fired
at two temperatures, 750° and 900° in Caieira and Hoffman furnaces.

The Hoffman furnace has the following dimensions: 12.90 m (width) × 91.40 m
(length)× 3.50m (height). The volumetric capacity of the furnace is 10.60m3 in each
of the 15 ranges for filling with ceramic pieces. Figure 1 illustrates the morphology
of the furnaces.

The Caieira furnace has the following dimensions: 4.45 m (width) × 5.50 m
(length)× 4.30 m (height). The furnace’s volumetric capacity is 56.89 m3 for filling
with ceramic pieces. Figure 2 illustrates the morphology of Caieira furnace.

After firing, mechanical resistance, water absorption and linear variation tests
were performed.

Results

Figure 3 shows the particle size distribution obtained by the residues and the clay
used in the work to make the ceramics.

It can be seen from the figure that clay has a finer particle size than the residue,
having up to 40% more fines volume below 2 µm. Only at 65 µm do the curves
approach and the residue has a slight superiority in the volume of the passingmaterial.

Table 1 presents the results of Atterberg limits and real grain density.
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Fig. 1 Side view of the Hoffman furnace

Fig. 2 Caieira furnace
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Fig. 3 Particle grain size

Table 1 Real grain density
and Atterberg indices

Clay Residue

LL 47,8 –

LP 19,8 –

IP 28,0 –

Yg 2,83 2,67

USCS CH SM

The real density of the grains of the different waste granulometries obtained very
similar results, and they present some similarity with clay. It was not possible to
perform the Atterberg limits test with the ornamental rock residue as it does not have
sufficient plasticity for the test.

Table 2 presents the results of the chemical analysis of the residue and clay.
The clay has an expressive composition of silicon oxide and aluminum, indi-

cating a strong indication of the presence of clay minerals such as kaolinite
(Al2O3.2SiO2.2H2O), a clay mineral commonly found in the region where the clay

Table 2 Chemical composition

Sample Elements (%)

SiO2 Al2O3 Fe2O3 K2O TiO2 SO3 CaO BaO Outros

Clay 44,18 41,23 7,02 2,03 1,75 1,59 1,29 – 0,91

Residue 61,2 19,98 5,22 6,74 0,65 1,11 3,59 0,52 0,99
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Fig. 4 Water absorption

was collected. The ornamental rock residue, on the other hand, has a predominance
of Silica, a common element in granite.

The results obtained by the ceramic in the immersion absorption test are illustrated
in Fig. 4.

It can be seen from the figure that the results show that the absorption of water
by immersion varies according to the level of incorporation, the firing temperature,
and the type of furnace used.

The firing temperature was the variable with the greatest influence on the
performance of ceramic pieces. Calcination at higher temperatures causes greater
densification of the structure and, consequently, less porosity.

The use of the Hoffman furnace presented better performance than the Caieira
furnace. For both firing temperatures, the Hoffman furnace showed decreased
absorption by immersion at all levels of ornamental waste incorporation.

The incorporation of residue was effective up to 10% incorporation with the
Hoffman furnace and 15% with the Caieira furnace, where the best performances
were obtained. After these levels of incorporation, absorption goes back up.

Figure 5 presents the results of linear variation.
Part of the trends verified in the water absorption test are verified in the linear

variation test.
The firing temperature promotes an increase in linear variation, mainly due to

greater densification promoted by chemical reactions at higher temperatures in the
ceramic mass.

As in the absorption test, the use of the Hoffman furnace shows a similar tendency
to increase in temperature, that is, to greater densification. However, the effect of the
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Fig. 5 Linear variation

furnace change impacts less on the linear variation performance than the temperature
change.

Different from the behavior in the absorption test, the increase in the incorporation
of ornamental rock residue has an inverse effect on the increase in the firing temper-
ature and the use of the Hoffman furnace. The presence of the residue promotes a
decrease in linear variation resulting from the decrease in chemical reactions at high
temperatures occurring in clay.

The linear variation tends to stabilize with the incorporation of ornamental rock
above 15% for both temperatures and furnace.

Figure 6 shows the results of the mechanical strength test.
The results obtained in the mechanical strength test have trends with great

similarity to those obtained in the water absorption test.
The increase in the firing temperature is the variable with the greatest impact on

mechanical strength, promoting a significant increase in strength as the temperature
rises from 750 to 900 °C.

Changing the furnace from Caieira to Hoffman also significantly increases
the mechanical resistance of the ceramic masses, as expected due to the greater
densification of the ceramic, verified in previous tests.

The increase in the incorporation of ornamental rock residue follows the trend
observed in the water absorption test and differs from the linear variation. The
increase in the incorporation of ornamental rock promotes greater mechanical
resistance, as well as the increase in temperature and the use of the Hoffman furnace.
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Fig. 6 Mechanical strength

The incorporation of ornamental stone residue obtains the best performance with
10% in the Hoffman furnace and 15% in the Caieira furnace. Above these levels of
incorporation, the mechanical strength tends to decrease.

Conclusion

In this work, it was verified the influence that the firing temperature, the type of
furnace and the incorporation of the ornamental rock residue have on the performance
of ceramic pieces by the tests of water absorption by immersion, linear variation, and
mechanical resistance. The following conclusions can be made with the analysis of
the results:

• The firing temperature is the variable that most influences the performance of
ceramic pieces. The increase in temperature promotes greater densification of
ceramic pieces, verified by the decrease in water absorption, increase in linear
variation, and increase in mechanical strength.

• The use of Hoffman furnace also showed greater capacity for densifying the
ceramic mass as verified by the decrease in water absorption, increase in linear
variation, and increase in mechanical strength.

• The incorporation of ornamental rock waste, despite promoting less impact than
the other two variables, also influences the densification and reduction of chemical
reactions at high temperatures of the ceramic mass. The incorporation of the
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residue makes the ceramic pieces more stable during firing, reducing the linear
variation. In addition, the incorporation of waste increases the density of the
pieces, presenting less absorption and greater mechanical resistance.

• For the Hoffman furnace, incorporation of 10% achieved the best performance.
Even with lower performance than the Hoffman furnace, the Caieira furnace
achieves maximum performance with 15% residue incorporation.
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References

1. Vieira CMF, Soares TM, Monteiro SN (2003) Ceramic mass for tiles: characteristics and firing
behavior. Cerâmica 49:245–250 (in Portuguese)

2. Morais DSG, Mendes JUL, Silva RM, Filho MOT, Cavalcante MAV (2010) Comparative
analysis of heat loss between the Caieira furnace and vaulted furnace with insulation. VI
Congresso Nacional de Engenharia Mecânica. Campina Grande—PB (in Portuguese)

3. InstitutoNacional de Tecnologia—INT (2011). Evaluation of the ceramic sector in theNorthern
region of the State of Pará—abaetetuba regions, Igarapé-Miri e São Miguel do Guamá. Rio de
Janeiro—RJ (in Portuguese)

4. Azevedo ARG, de Alexandre JIS, Zanelato E, Marvila MT, Cerqueira N (2017) Influence of
the burning temperature on red ceramic articles, pp 258–263. https://doi.org/10.5151/1516-
392X-30162 (in Portuguese)

5. SinghM,ChoudharyK, SrivastavaA, SangwanKS, BhuniaD (2017)A study on environmental
and economic impacts of using waste marble powder in concrete. J Build Eng 13:87–95

6. SinghY,VyasAK,KabeerKISA (2017)Compressive strength evaluation ofmortars containing
ISF slag and marble powder. Mater Today: Proc 4(9):9635–9639

7. MunirMJ,Kazmi SMS,WuY,HanifA,KhanMUA (2018) Thermally efficient fired clay bricks
incorporating waste marble sludge: an industrial-scale study. J Clean Prod 174:1122–1135

8. Associação Brasileira de Normas Técnicas (2016) ABNTNBR 7181. Soil—grain size analysis
9. Associação Brasileira de Normas Técnicas (2016) ABNT NBR 7180. Soil—plasticity limit

determination. Rio de Janeiro
10. Associação Brasileira de Normas Técnicas (2016) ABNT NBR 6459. Soil—liquid limit

determination
11. Associação Brasileira de Normas Técnicas (2016) ABNT NBR 6457. Soil samples—prepara-

tion for compactation and characterization tests
12. Associação Brasileira de Normas Técnicas (2016) ABNT NBR 6458. Gravel grains retained

on the 4,8 mm mesh sieve—determination of the bulk specific gravity, of the apparent specific
gravity and of water absorption

https://doi.org/10.5151/1516-392X-30162


Cooling Rate and Roughness Dependence
of the Undercooling for One Single Sn
Droplet with Si Thin Film Substrate
by Nanocalorimetry

Shun Li, Li Zhang, Bingge Zhao, Kai Ding, and Yulai Gao

Abstract Nanocalorimetry has been developed and used to study the nucleation
behavior of one single metallic droplet, especially the solidification undercooling.
For heterogeneous nucleation, cooling rate and nucleation substrate are deemed as
significant factors to affect the solidification undercooling. In this paper, the roles
of cooling rate and substrate roughness in undercooling for the Sn droplet were
comparatively studied. The Si thin film substrate was prepared by magnetron sput-
tering deposition technique with the deposition rate about 10 nm/min. Increasing
the cooling rate from 50 to 104 K/s, the undercooling of the Sn droplet on the
substrate was increased, followed by a gradually slow increment and then kept stable
at high cooling rate. Besides, a roughness dependence of undercooling could also
be observed at low cooling rate. The undercooling was increased with decreasing
the roughness of the Si substrate, reflecting the nucleation acceleration by the large
roughness for its favorable heat transfer.

Keywords Nanocalorimetry · Undercooling · Substrate · Si thin film · Cooling
rate · Roughness
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Introduction

The solidification undercooling is of significance theoretically and experimentally.
It is generally accepted that unique properties like grain refinement [1, 2] and hetero-
geneous mechanism transition [3] will occur when metallic materials are solidified
with large undercooling. The undercooling, as a crucial factor for the solidification
process, is related not only to the overheating [4, 5], droplet size [6], and heteroge-
neous nucleation interface [7, 8] but also to the cooling rate [9, 10]. Some studies have
been carried out on the cooling rate dependence of undercooling [11–13]. However,
in many cases, the liquid–solid transition of metallic materials could not be investi-
gated directly because of the limitation of the equipment and the high-temperature
conditions during this kind of transition. Generally speaking, the undercooling is
always measured by conventional thermal analysis devices like differential scanning
calorimeter (DSC) and differential thermal analyzer (DTA), which can only operate
at the cooling rate below 500 K/min [14, 15]. For higher cooling rate, computer
simulation techniques, and theoretical calculation are more frequently employed
[16] because of the limitation of the conventional calorimetry.

Attributing to the technique development in the study of solidification process of
micro-sized droplets, some solidification behavior such as undercooling and enthalpy
can be successfully measured at high scanning rate by nanocalorimeter. This analysis
device allows a scanning rate from 1 to 106 K/s with the sensitivity of nJ/K. With the
help of nanocalorimeter, two exothermic peaks of Sn droplets embedded in the Al
matrixwere traced in our previous study [17]. In addition, itwas reported that different
structure in amorphous Ce68Al10Cu20Co2 (at. %) in situ prepared by nanocalorimetry
were obtained at the quenching rates from 100 to 50,000 K/s [18]. In particular, early
stage nucleation of Ag3Sn phase under rapid solidification was detected [19].

Generally, heterogeneous nucleation is dominant in the solidification process.
For film substrates, roughness is one of the main features that can possibly affect the
nucleation behavior. Large roughness of Si substrate could slow down the nucleation
of c-BN, indicated by Chan et al. [20]. Utilizing the magnetron sputtering deposition
technique, the thin film Si substrate was prepared and cut to some piece small enough
to be moved to the measurement zone of the nanocalorimeter. In the present study,
the undercooling of one single Sn droplet was measured with scanning rate from
50 to 104 K/s by nanocalorimetry. The Si thin film was prepared as the nucleation
substrate. Besides, its roughness dependence of the undercooling was discussed.

Experiment

The spherical Sn (99.999 wt.%) droplets used in this investigation were prepared by
the self-developed consumable-electrode direct current arc (CDCA) technique [21],
and Si thin films were prepared by employing a magnetron sputtering deposition
technique (JGP-560, SKY Technology Development) with a base pressure of 4 ×
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Table 1 Preparation parameters of Si thin films

Film Sputtering time, h Sputtering power, W Sputtering pressure,
Pa

Base pressure, Pa

Film #1 0.5 120 0.6 4 × 10–4

Film #2 1.0 120 0.6 4 × 10–4

Film #3 2.0 120 0.6 4 × 10–4

10–4 Pa, deposited on the silica glass substrates. In addition, polycrystalline silicon
(99.999 wt.%) was used as the sputtering target with the dimension of 50 mm and
4 mm in thickness. The sputtering time was chosen as 0.5 h, 1.0 h, and 2.0 h,
respectively. To confirm that the Si thin film is small enough to be positioned in the
measurement zone, the film was cut to the infinitesimal piece and moved by a thin
Cu wire (with the diameter of 30 µm). More details of the preparation parameters of
Si thin films are listed in Table 1.

After being cleaned by anhydrous alcohol and deionized water, a Si thin film and
one Sn droplet with a diameter of 12.5 µm were placed exactly on the measure-
ment zone of the nanocalorimetric sensor with the help of copper wire and optical
microscopy (OM, Olympus SZ61). Then the undercooling of this single Sn droplet
was measured by nanocalorimetry. The microstructure of the Si thin films was
observed by scanning electron microscopy (SEM, Phenom ProX) and atomic force
microscopy (AFM, Nanonavi SPA-400).

Results and Discussion

The appearance of the different Si thin films is shown in Fig. 1. The bright part
with irregular shape is the above-mentioned sputtered thin film, while the square and
transparent silica glass substrate is on the bottom. Clearly, the sputtered Si thin films
are flat and smooth, reflecting the successful preparation for the substrate.

Fig. 1 Images of the Si thin films that prepared by magnetron sputtering technique: a film #1, b
film #2, and c film #3
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Fig. 2 Undercooling of single Sn droplet with various substrates and cooling rate conditions: a
without film substrate, b film #1, c film #2, and d film #3

Only one same Sn droplet was used in the nanocalorimetric experiments. As
shown in Fig. 2, a total of 20 cooling rates in the range from 50 to 104 K/s are
chosen, and 100 cycle measurements are repeated for each cooling rate. It should be
noticed that the undercooling varies in a range of temperatures because of the random
nature of nucleation. The median value of undercooling is obtained by calculation
so that the general trend could be predicted. Compared to the undercooling obtained
at low cooling rate, high cooling rate scanning can result in larger undercooling,
as indicated in Fig. 2a. A similar trend is found in the experiments with various Si
thin film substrates. Increasing the cooling rate from 50 to 104 K/s, the undercooling
increases, followed by a gradually slow increment and then keeps stable at high
cooling rate, as shown in Fig. 2b–d. According to the results from Yang et al. [22],
the undercooling of an Al–Si12 particle increased with increasing cooling rate as
well.

To investigate the undercooling change of one single Sn droplet on various
substrates, the median value of undercooling is put together, as presented in Fig. 3.
Increasing the cooling rate from 50 to 104 K/s, the measurement without Si thin film
substrate reveals the lowest median value of undercooling. In addition, the increase
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Fig. 3 Comparison of
undercooling change of one
single Sn droplet on various
substrates

of undercooling with the addition of Si thin films indicates the inhibition of Si thin
films on the nucleation of Sn droplets.

For the cooling rate range from 50 to 1,000 K/s, the undercooling increases in
a stable way. In particular, it can be observed that with the substrate of film #2 the
median value of undercooling is always the largest at each rate, while the lowest
undercooling is obtained by using the substrate of film #3. In order to illustrate
the effect of various film substrates on the undercooling, the SEM analysis was
performed.

The top surface and cross-sectional images of Si thin films are observed by SEM,
as exhibited in Fig. 4. It is found that for all three kinds of films, the top surfaces are
flat and smooth. According to our previous study and the result by Marquez et al.
[23], the Si thin films were fully amorphous. The Si thin film substrate prepared
by the magnetron sputtering deposition technique can be easily divided into several
parts owing to its brittleness. The Si thin film was placed on the side face of the
cylindrical objective table (Cu) with the help of the conductive adhesive. Thus, the
cross section of the Si thin films can be clearly observed by SEM, and the Si thin film
can be confirmed by observing the position of the conductive adhesive, as shown in
Fig. 4b, d, and f. The thickness of films #1–#3 is 300, 600, and 1200 nm, respectively.
The deposition rate is about 10 nm/min, and obviously the increase of sputtering time
can induce larger thicknesss. It should be noticed that the thickness of Si thin films
was controlled at the microscale, and the film details should be further accurately
measured.

The AFM images of various Si thin film substrates are exhibited in Fig. 5. It
can be observed from 2D images that the surface is relatively flat and more details
about the feature of films are shown in Fig. 5b, d, and f. The root mean square
(RMS) roughness of film #1 to #3 is 0.67, 0.60, and 0.70 nm, respectively. With
the increase of sputtering time, the roughness decreased first and then increased
again. Clearly, the undercooling is increased with decreasing the roughness of the Si
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Fig. 4 Scanning electron
microscope images of the
prepared Si thin films: a, c,
and e top surface of films #1,
#2, and #3, respectively, and
b, d, and f cross section of
films #1, #2, and #3,
respectively

thin film substrate at low cooling rate. As previously mentioned, the heterogeneous
nucleation surfaceswere controlled by the applied Si thin film substrates,which could
correspondingly influence the undercooling. In an early study by Glicksman et al.
[24], the undercooling of liquid Sn which is in contact with various substrates was
measured. The metallic substrate may lead to a lower undercooling than the others,
but the effect of substrate roughness was not explained. The relationship between
undercooling and substrate roughness can be further elucidated by nanocalorimetry
combined with AFM. In this case, the median value of undercooling changes in a
range of about 2 K in the condition of the film substrates RMS roughness mentioned
above.

Based on the above facts, a schematic is established to explain the influence of
the cooling rate and surface roughness on the undercooling for the solidified Sn
droplet, as shown in Fig. 6. On one hand, the undercooling of one single Sn droplet
is clearly affected by the surface roughness at lower cooling rates. As for the small
roughness, a large number of Sn atoms concentrate on the Si thin film substrate, yet
the heat transfer process is limited because of the less contact between the liquid Sn
atoms and the cooling substrate, as indicated in Fig. 6a. On the contrary, for the large
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Fig. 5 Atomic force microscope images of Si thin films: a, c, and e 2D images of the surface
morphology, and b, d, and f 3D images of the surface morphology

roughness substrate the liquid Sn atoms can concentrate in the “cavities” existed in
the rough surface and gain better heat transfer, promoting their nucleation (namely
decreasing the undercooling), as illustrated in Fig. 6b. Continuously increase the
cooling rate, the high-temperature atoms can be frozen as rapidly as possible. That
is to say, the cooling rate is increased rapid enough and dominates the nucleation
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Fig. 6 Schematic of the nucleation of Sn droplet on various substrates: a small roughness, b large
roughness. The red rectangles indicate the zones where droplet and Si thin film substrate contact and
the heat transfer are indicated by the arrows, and the length of the arrows reflect the heat-transfer
intensity (Color figure online)

process. In this case, the variety of the substrate roughness becomes unimportant,
though the undercooling still increases based at higher cooling rates.

Conclusions

The undercooling of metallic materials was significantly influenced by cooling rate
and nucleation substrate. Attributing to the nanocalorimetry, the undercooling of one
single Sn droplet was obtained with a cooling rate ranging from 50 to 104 K/s. A
significant increase in the undercooling was observed, followed by a slow increment
and then a stable undercooling occurred at a high cooling rate. Si thin films were
selected as nucleation substrates, which were prepared with different sputtering time
at the deposition rate of about 10 nm/min. The RMS roughness of Si thin films was
0.67, 0.60, and 0.70 nm, respectively. The undercooling decreased with increasing
the surface roughness of Si thin films because of the “cavities” that existed in the
surface with large roughness and their promotion effect on the heat transfer.

Acknowledgements This work is supported by the National Natural Science Foundation of China
(Grant no. 52071193).

References

1. Ma K, Zhao YH, Xu XL, Hou H (2019) The effect of undercooling on growth velocity and
microstructure of Ni95Cu5 alloys. J Cryst Growth 513:30–37



Cooling Rate and Roughness Dependence … 313

2. Xu XL, Zhao YH, Hou H (2019) Observation of dendrite growth velocity and microstructure
transition in highly undercooled single phase alloys. Mater Charact 155:109793

3. YangB, GaoYL, ZouCD, Zhai QJ, AbyzovAS, Zhuravlev E, Schmelzer JWP, Schick C (2010)
Cooling rate dependence of undercooling of pure Sn single drop by fast scanning calorimetry.
Appl Phys A Mater Sci Process 104(1):189–196

4. MinakovA,Morikawa J, RyuM,Zhuravlev E, SchickC (2021)Variations of interfacial thermal
conductance at melting and crystallization of an indium micro-particle in contact with a solid.
Mater Des 201:109475

5. Yang B, Perepezko JH, Schmelzer JW, Gao YL, Schick C (2014) Dependence of crystal
nucleation on prior liquid overheating by differential fast scanning calorimeter. J Chem Phys
140(10):104513

6. Qian M (2007) Heterogeneous nucleation on potent spherical substrates during solidification.
Acta Mater 55(3):943–953

7. Sun J, Wang DP, Zhang YH, Sheng C, Dargusch M, Wang G, John D, Zhai QJ (2018) Hetero-
geneous nucleation of pure Al on MgO single crystal substrate accompanied by a MgAl2O4
buffer layer. J Alloys Compd 753:543–550

8. Ma ZL, Gourlay CM (2017) Nucleation, grain orientations, and microstructure of Sn-3Ag-
0.5Cu soldered on cobalt substrates. J Alloys Compd 706:596–608

9. Gao YL, Zhuravlev E, Zou CD, Yang B, Zhai QJ, Schick C (2009) Calorimetric measurements
of undercooling in single micron sized SnAgCu particles in a wide range of cooling rates.
Thermochim Acta 482(1–2):1–7

10. Wang DP, Chang W, Sun J, Sheng C, Zhang YH, Zhai QJ (2018) Heterogeneous nucleation of
Au on Al2O3 substrate under the impact of droplet size and cooling rate. IOP Conf Ser: Mater
Sci Eng 381:012058

11. Gao YL, Zhao BG, Vlassak JJ, Schick C (2019) Nanocalorimetry: Door opened for in situ
material characterization under extreme non-equilibrium conditions. Prog Mater Sci 104:53–
137

12. Guo EJ, Wang L, Feng YC, Wang LP, Chen YH (2018) Effect of cooling rate on the
microstructure and solidification parameters of Mg-3Al-3Nd alloy. J Therm Anal Calorim
135(4):2001–2008

13. Sheng C, Sun J, Wang DP, Zhang YH, Li LJ, Chen XR, Zhong HG, Zhai QJ (2017) Heteroge-
neous nucleation of pure gold on highly smooth ceramic substrates and the influence of lattice
misfit and cooling rate. J Mater Sci 53(6):4612–4622

14. Mizoguchi T, Perepezko JH (1997) Nucleation behavior during solidification of cast iron at
high undercooling. J Mater Sci Eng A 226–228:813–817

15. Mueller BA, Perepezko JH (1991) The undercooling of aluminum. Metall Trans A 18:1143–
1150

16. Xu Jf, Xiang M, Dang B, Jian ZY (2017) Relation of cooling rate, undercooling and structure
for rapid solidification of iron melt. Comput Mater Sci 128:98–102

17. Zhang WP et al (2013) Application of fast scanning calorimetry in the rapid solidification of
Tin particles embedded in Al matrix. Paper presented at the 142nd TMS annual meeting, San
Antonio, Texas, 3–7 Mar 2013, pp 477–484

18. ZhaoBG,YangB, AbyzovAS, Schmelzer JWP, Rodriguez-Viejo J, Zhai QJ, Schick C, GaoYL
(2017) Beating homogeneous nucleation and tuning atomic ordering in glass-forming metals
by nanocalorimetry. Nano Lett 17(12):7751–7760

19. Zhao BG et al (2014) Structure characterization of Sn-based and Ce-based alloys treated by
ultrafast scanning. Paper presented at the 143rd TMS annual meeting, San Diego, California,
16–20 Feb 2014, pp 227–234

20. Chan CY, Eyhusen S, Meng XM, Bello I, Lee ST, Ronning C, Hofsass H (2006) The effect
of substrate surface roughness on the nucleation of cubic boron nitride films. Diamond Relat
Mater 15(1):55–60

21. Zhao J, GaoYL, ZhangWP, ZhaoBG (2012)Observation of the solidificationmicrostructure of
Sn3.5Ag droplets prepared byCDCA technique. JMater SciMater Electron 23(12): 2221–2228



314 S. Li et al.

22. Yang B, Peng Q, Milkereit B, Springer A, Liu D, Rettenmayr M, Schick C, Kessler O (2021)
Nucleation behaviour and microstructure of single Al-Si12 powder particles rapidly solidified
in a fast scanning calorimeter. J Mater Sci 56(22):12881–12897

23. Marquez E, Saugar E, Diaz JM, Garcia-Vazquez C, Fernandez-Ruano SM, Blanco E, Ruiz-
Perez JJ,MinkovDA (2019) The influence of Ar pressure on the structure and optical properties
of non-hydrogenated a-Si thin films grown by rf magnetron sputtering onto room-temperature
glass substrates. J Non-Cryst Solids 517:32–43

24. Glicksman ME, Childs WJ (1962) Nucleation catalysis in supercooled liquid tin. Acta Metall
10(10):925–933



Determination of Strength to the Hard
Body Impact of Raw, Resinate,
and Screened Ornamental Rocks

A. C. Hilário, E. D. F. Castilho, A. R. G. Azevedo, T. E. S. Lima,
M. T. Marvila, and S. N. Monteiro

Abstract Ornamental rocks applied to civil construction are subject to the appear-
ance of cracks and ruptures. Some processes provide the rock with greater resistance
to bending efforts: The resin coating method consists of applying a mixture of resin
and catalyst on the surface to be used, while meshing is the process of fixing a fiber-
glass mesh on the unfinished face of the rock. This work shows the results achieved
in hard body impact resistance tests, aiming to define and scale the increase in resis-
tance using resin and screen inmaterials with a thickness of 0.03m. The rocks used in
this work are commercially known as Vicenza, Romanix, and Nevasca. The research
results indicate the effectiveness of the application of resin and mesh provided by
the significant increase in strength. However, the raw materials also achieved satis-
factory results, especially the Nevasca material, which obtained the highest average
of rupture heights.
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Introduction

Buildings in general receive finishing or coating layers on the walls, floors, and
facades, of which the purpose is both aesthetic, for the purpose of decorating the
environments and buildings, and functional for protecting the structure of the build-
ings from the weather, the attack of chemicals contained in cleaning products and
others. Within this context, the materials commonly used in civil construction are
rocks, ceramics, and glass [1–3].

The rocks are a differential constantly cited by engineers and architects in the
planning of thework because they are a naturalmaterial,with a huge range of textures,
patterns, and exclusive colors. Similar to other construction materials, rocks have
their own peculiarities, of which their definition and understanding are fundamental
for their specification and correct use [4].

The characterization of ornamental stones aims to obtain physical, chemical,
mechanical, and petrographic parameters through laboratory tests, which guide the
correct choice, application, and use of these materials in civil construction. From
these tests, pathologies are identified in these rocks, such as a tendency to spots,
granular degradation, among others, which can be recovered or avoided. According
to Frascá et al. [4], the knowledge and correct handling of technological informa-
tion, ensure the safety in the selection and specification of rocks for various coating
projects.

Ornamental rocks that are used as coatings, floors, and benches are susceptible
to breakage due to the fall of the most diverse types of objects, as well as cracks
and cracking during processes subsequent to unfolding, such as polishing and/or
transport. In order to increase the flexural strength of these materials, the meshing
process is used, which consists of applying the fiberglass mesh together with the
epoxy system (resin/catalyst) on the part that will not be polished. The epoxy system
promotes the fixation of the mesh and fills the micro-cracks [5].

The test to determine the hard body impact strength, carried out following the
Brazilian standard NBR 15,845–8:2015 [6], is the recommended method for deter-
mining the hard body impact strength of finished rock products intended for use as
building cladding materials.

Given the growing demand from the domestic and foreign market for ornamental
rocks, technical criteria are sought to determine the best use and application for
them. Therefore, this work aims to perform the technological characterization of
rock materials used for coatings by determining the hard body impact strength in
raw, resins, and screens materials.

Materials and Methods

The specimens used in the test belong to the large groupof granites andwere identified
as Vicenza, Romanix, and Nevasca.
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Thirty specimens were used, 10 for each type of material, 5 raw, and 5 resined
and screened measuring 0.2 × 0.2 × 0.03 m.

The samples were placed in the oven for drying. This moisture removal step is
important for the specimens to absorb the resin well. The samples remained for 48 h
in an oven at a temperature of 70 °C and, at the end of this period, they were resined.
The resin used was of the epoxy type and the catalyst had a cure time of 48 h. The
catalyst used was 37%, that is, for 100 g of resin, 37 g of catalyst should be used.
Considering that each sample had an area of 0.04m2, 6 g of themixture were applied.

To resin the screened samples, the mixture was spread over the unfinished face
for approximately 8 min until the rock completely absorbed the compound. After
applying the resin, the 15 samples were left to dry at room temperature for 48 h. For
the screening process, a fiberglass screen weighing 80 g/m2 and a 4 × 4 mm mesh
was used.

After curing, markings and measurements of the lengths and thicknesses of all
faces of the specimens were made. After measuring all specimens, the samples were
taken to the hard body impact equipment. The specimens were placed on the sand
mattress with the finishing side facing upwards. Subsequently, the specimen was
accommodated so that the sphere reached its center. The samples were leveled with
the aid of a spirit level. From the height of 20 cm, the ball was released in free fall
according to [6]. In the intervals between falls, the specimens were cleaned with
the aid of a brush so that the sand would not interfere with the friction between the
samples. After the initial fall, the procedures were repeated, increasing the interval
by 5 cm until the specimen ruptured.

Results and Discussion

The results of the hard body impact strength tests for each group of granites are shown
in Table 1 in raw, resin, and screen materials in a thickness of 0.03 m. The results
of the average rupture height in meters, rupture energy in joules (J), the standard
deviations of each test, and the average deviation of each specimen are displayed.

The rupture of a plate caused by the amount of energy released by the impact of
a body is important for materials in their many applications. Thus, the smaller the
result of the experiment, the lower the impact strength of the material, making it
essential to take care in terms of transport, storage, and placement [7]. Among the
samples, the raw materials obtained the result of lower energy of rupture compared
to the resins and screens, thus suggesting greater care in handling these materials.

Figures 1, 2, and 3 demonstrate the increase in the average breakage heights of
raw materials in relation to resin and screen. The normative parameter used to verify
the results obtained in the tests is the reference standard for granites ABNT NBR
15,844:2010 [8], which corresponds to a minimum average height of 0.3 m.

As canbe seen, allmaterials in rawor resined and screened formmeet the reference
standard for granites NBR 15,844:2010, which determines the value of 0.3 m as the
minimum average height of rupture of the specimens [9]. The Vicenza material
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Fig. 1 Results of Granite type Vicenza breakage heights average (m)

Fig. 2 Results of Granite type Romanix breakage heights average (m)

obtained an increase of 0.33 m in the average breakage heights with the application
of resin and screen, while the raw Romanix material reached 0.26 m of increase in
the average of the breakage heights with the use of resin and screen. Finally, the
Nevasca material obtained an increase of 0.29 m in the average rupture heights [10].
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Fig. 3 Results of Granite type Nevasca breakage heights average (m)

It is observed that the use of resin and mesh in these materials resulted in a
considerable gain in strength. The Nevasca material presented resistance slightly
higher than the other raw samples. For resins and screens, Vicenza and Nevasca
materials resulted in the same average breakage heights [11].

Figure 4 compares the percent increase in impact strength of resined and screened
samples.

Fig. 4 Percentage increase in the strength of resined and screened samples
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The results demonstrate that the application of resin and mesh led to an increase
in mechanical strength in the samples. Among the specimens studied, the Vicenza
material stood out for presenting an increase of almost 80% in strength, while the
samples Romanix and Nevasca showed percentage increases in strength of 41.93 and
46.03%, respectively, with the application of the resin and screen [12].

In relation to the hard body impact strength in ornamental rocks, all samples
presented the satisfactory value, thus, being above the parameters stipulated by
ABNTNBR 15,844:2010 [8], which allows these samples with a thickness of 0.03 m
to be used in the most diverse applications such as floors, thresholds, steps, counters,
and sinks [13, 14].

Conclusion

After the results, it was concluded that the use of resin and screen in ornamental rocks
with a thickness of 0.03 m were able to generate a considerable increase in resis-
tance in relation to falling objects. Resining and screening improved the strength of
materials in the same thickness by at least 40%. Likewise, the raw samples presented
satisfactory results, meeting the requirements of the ABNT NBR 15,844:2010 [8]
standard, which determines the minimum value for the hard body impact strength
test of 0.3 m.

The values obtained attest that the analyzed rock samples present a good resistance
to shock and can be used for coatings on floors, steps, tables, counters, and sinks.
Among the samples, the granite type Vicenza achieved the best result with the use
of resin and mesh and the granite type Nevasca sample stood out among the raw
materials, obtaining the highest average of the rupture heights.

The application of the mesh, in addition to adding mechanical flexural strength,
recovers materials with cracks and fissures, in addition to visually hiding the resin
cracks, fissures and structurally restoring the plate and enhancing the color.

Acknowledgements The authors thank the Brazilian agencies: CNPq, CAPES, and FAPERJ for
the support provided to this investigation.
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Development of Metakaolin-Based
Geopolymer Mortar and the Flue Gas
Desulfurization (FGD) Waste

L. B. Oliveira, A. R. G. Azevedo, M. T. Marvila, C. M. Vieira,
N. A. Cerqueira, and S. N. Monteiro

Abstract It is estimated that the cement industry is responsible for 5–7% of all
CO2 generated in the world. However, alternatives to Portland cement have been
researched, with emphasis on geopolymers, which are materials obtained through
the reaction of a source rich in aluminosilicate, together with an alkaline activator.
The aim of this study is the development ofmetakaolin-based geopolymermortar and
the flue gas desulfurization (FGD) waste, alkali activated with hydroxide and sodium
silicate for structural reinforcement. Samples of geopolymers,with different dosages,
were prepared and tested in compression after curing at ambient temperature and 90
°C for 14 days. The results showed that the geopolymer made from 90% metakaolin
and 10% FGD waste obtained the highest compressive strength of 19.39 MPa. This
preliminary data revealed that this geopolymer could serve as a potential material for
civil construction due to its availability, affordability, compressive strength values,
and environmental sustainability.

Keywords Geopolymer ·Mortar ·Metakaolin · FGD

Introduction

Portland cement is one of themost widely used buildingmaterials in roads, buildings,
bridges, and all these infrastructural projects around the globe havemade the demand
and production of Portland cement to increase progressively year after year [1, 2].
However, the cement production causes significant greenhouse gas (GHG) emissions
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and energy waste. Nearly 810 kg of carbon dioxide (CO2), 1.0 kg of sulfur dioxide
(SO2), and 2.0 kg of oxides of nitrogen (NOx) are produced in the manufacturing
process of each ton of cement. Furthermore, approximately, 3.2 GJ energy per ton
need be consumed in the production process of Portland cement, involving raw
materialmining, transporting, clinker calcination, andfinish grinding [3]. The cement
industry accounts for 5–7% of worldwide CO2 emission [4]. Due to these reasons,
there is the need to develop alternate binders to support the construction industry [1].

In recent years, several alternatives to Portland cement have been researched.
Alkali-activated binders have attracted the attention of the construction and research
sectors because their production substantially reduces the carbon footprint as it
involves naturally occurring materials or industrial by-products [5]. Alkali-activated
binders, including geopolymers, are produced through the reaction of an aluminosil-
icate, normally supplied in powder form as an industrial by-product or other inex-
pensive material, with an alkaline activator, which is usually a concentrated aqueous
solution of alkali hydroxide or silicate [6].

According to the reaction chemistry, alkaline binders are mainly divided into
two major categories: geopolymers and alkali-activated materials (AAMs). These
two different alkaline binders are mainly classified by the unique chemical reaction
series and the reacted end products [7].

Geopolymers contain precursors rich in Si and Al with low or no calcium content,
such as metakaolin and fly ash. The products from the geopolymerization process
are three-dimensional structures of silico-aluminates amorphous gels, called by some
authors N-A-S-H (hydrated sodium aluminosilicate), while the crystalline or semi-
crystalline phases are called zeolites [8, 9].

In relation to alkali-activated materials, the precursor is primarily composed
of Si, Al, and high Ca, such as blast furnace slag. The products of the reac-
tion between calcium-rich slags and alkaline hydroxides or silicates are hydrated
sodium/potassium aluminum silicate gel (N(K)-A-S-H) and hydrated calcium
aluminum silicate gel (C-A-S-H), giving rise to minerals known as tobermorites.
The C-A-S-H has a structure similar to the resulting gel from the hydration of Port-
land cement (C-S-H), but with lower amounts of Ca and more amounts of Al in
tetrahedral locations [8, 9].

These materials have been of great interest because of their excellent properties
such as high temperature resistance, low permeability, good durability, excellent
resistance to chemical corrosion, in addition to the sustainability [3, 10].

The aim of this work is the development of metakaolin and residue FGD-based
geopolymer mortar, alkali activated with hydroxide and sodium silicate for structural
reinforcement.

The use of metakaolin is justified for two reasons: The first is that aluminosilicate
minerals in general contain very little carbonates, and their combustion entails scantly
any CO2 emissions (in Portland cement, 60% of the CO2 emitted is attributable to
limestone calcination). The second is that the thermal treatment required to dehy-
droxylate a clay is of low to medium intensity (500–800 °C) and is also much lower
than needed to manufacture clinker (1400–1500 °C) [11, 12].
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In relation to the other waste, the most used process for SO2 removal is the FGD
process—flue gas desulfurization, where SOx gases are removed by adsorption in
alkaline media and the main product generated is mainly composed of gypsum. A
total of about 33 million tons of FGD gypsumwas produced by utilities in the United
States in 2015 [13]. In China, production reaches the mark of 80 million tons per
year [14]. Thus, due to its characteristics and availability, this waste presents a great
possibility of being used in civil construction. The aim of the work is to evaluate the
partial replacement of metakaolin by FGD waste by the compressive strength test in
the based geopolymer mortar, with different molarities and curing temperatures.

Materials and Methods

A number of starting materials were used in the formulation of the geopolymer
that was examined for mechanical performance: sodium hydroxide (NaOH) pellets,
powdered sodium silicate (Na2SiO3), metakaolin, FGD waste, fine aggregate, and
water.

Metacaulim HP ULTRA was used by the company Metacaulim do Brazil. This
material has in its chemical composition alumina (Al2O3) and silica (SiO2), with
approximate 39.2% of alumina and 52.2% of silica, in a total of 91.4% in mass
according to data from the company [15].

Another precursor is the FGD waste, in powder form, generated in the gas treat-
ment of coking ovens (coal treatment), where a hydrated lime solution is injected to
mix with the gas and combine with SO2. Then, the calcium reacts with the sulfur to
produce calcium sulfate, which is physically removed from the scrubber as a powder
[16]. The generating unit is ArcelorMittal Tubarão, located in Vitória-ES and this
waste is rich in calcium oxide with approximate 45.63% of CaO, 0.51% of silica,
and 0.17% of alumina.

The sand used in this research was collected from the natural type, extracted from
the Paraíba do Sul River, in the city of Campos dos Goytacazes, RJ. The alkaline
solution was sodium hydroxide pellets (99% purity) by Nox and powdered sodium
silicate by Lader Química [15].

The dosage of the geopolymeric mixtures was based on the chemical composition
of the materials and in the study of Davidovits [17]. The molar ratios were the same
for all FGD waste replacement percentages (0, 10 and 20%) as shown in Table 1. A
constant sand to precursor ratio of 1.5–1 was used.

Table 1 Molar ratio of based
geopolymer mortar

Molar ratio

SiO2/Al2O3 2.50

Na2O/SiO2 0.40

Na2O/Al2O3 1.00

H2O/Na2O 12.00
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In the preparation of the geopolymer mortar, the sodium hydroxide and silicate
solutions were prepared 24 h beforehand in a magnetic mixer. Later, all materials
(metakaolin, waste FGD, sand e solution) were mechanically mixed with a planetary
mixer [15]. Then, geoplolymer samples were cast in cylindrical molds measuring
50 mm in diameter and 100 mm in height. The procedure was carried out through
the application of three layers of mortar, being compacted with 25 strokes for each
layer. A total of 18 geopolymeric paste specimens were produced. The division was
as follows: 3 specimens for each of the three compositions that were performed with
replacement of 0, 10, and 20 wt.% of FGD waste in relation to metakaolin. Thus,
nine samples were cured at room temperature and nine samples in a curing at 90 °C
and later tested in compression at 14 days of age [18]. The compressive strengths of
samples were calculated using Eq. 1 [19].

σ = P

A (1)

where σ is the compressive strength measured in N/mm2 or MPa, P is the Load
applied (N), and A corresponds to the sample pressed area (mm2).

Molar ratios of 2.26 and 3 were adopted for of SiO2/Al2O3. For each one, 18 spec-
imens were produced, divided between reference geopolymers and the best compo-
sition. In this new procedure, thermal curing at 90 °C for 7 days and mixed thermal
curing with 1 day in the oven at 90 °C and 6 days at external temperature were
adopted. [20]. Subsequently, the samples were tested for compression strength.

Results and Discussion

Figure 1 summarizes the results of the effect of curing temperature on the compressive
strength of metakaolin-based geopolymer mortar with partial replacement by FGD
waste with molar ratio of 2.5.

The initial results indicate that showed that the geopolymer made from 90%
metakaolin and 10% FGD waste obtained the best compressive strength, reaching a
strength of 19.39 MPa in ambient cure with 14 days. Thus, the strength gain may
be linked to several factors, such as the fineness of the FGD powder and its surface
area, the alkali activation process of a material rich in calcium replacing a material
rich in silica and alumina, among others [21, 22].

Thermal cure at 90 °C did not show a significant increase in strength and had a
considerable drop in the percentage of 10%. This can be explained by two factors:
First, oven curing deserves special attention, as prolonged curing times distort the
reactions, causing partial evaporation of water with the formation of microcavities
that lead to cracking of the samples [23]. The second is that at high temperatures,
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Fig. 1 Effect of FGD waste
addition and curing
temperature on 2.5 molar
ratio metakaolin-based
geopolymer mortars

alkaline activation is impaired, as the samples have insufficient moisture. This accel-
erated water loss leads to carbonation and delays the activation of precursors. In this
situation, the final product is granular, porous, and with low mechanical strength [8].

After that, the compression test was performed for 0 and 10% FGD waste with
mixed thermal cure. Figure 2 shows the results of the effect of mixed curing tempera-
ture on the compressive strength ofmetakaolin-based geopolymermortar with partial
replacement by FGD waste with molar ratio of 2.26.

The molar ratio of 2.26 was made so that the use of sodium silicate was not
necessary, as this material has a high cost. In thermal curing at 90 °C for 7 days, the
values exceeded 9 MPa. The increase in resistance in thermal cure for a few days

Fig. 2 Effect of FGD waste
addition and curing
temperature on 2.26 molar
ratio metakaolin-based
geopolymer mortars
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Fig. 3 Effect of FGD waste
addition and curing
temperature on 3.0 molar
ratio metakaolin-based
geopolymer mortars

was already expected according to some authors [24]. Nasir et al. [25] observed that
curing at a temperature of 60 °C for 6 h was ideal as it presented a high strength of
38 MPa within 3 days and used blast furnace slag, a precursor with many published
studies. The use of FGD residue as a precursor with metakaolin as a geopolymeric
mortar is still scarce in the literature and its unprecedented results are important for
the analysis of the potential of these materials.

Finally, the same parameters were used for a different molar ratio. Figure 3 shows
the results of the effect of mixed curing temperature on the compressive strength of
metakaolin-based geopolymer mortar with partial replacement by FGD waste with
molar ratio of 3.00.

The results show the highest compressive strength value for the reference geopoly-
meric mortar 18.9 MPa with a thermal cure at 90 °C for 7 days. For most authors,
increasing Si is known to improves the mechanical properties of the geopolymer
[15;26]. In addition, metakaolin is considered one of the main precursors of geopoly-
mers due to its high reactivity [3]. Mechanical strength gain with increasing temper-
ature was also expected. Muñiz-Villarreal et al. [27] used metakaolin at an oven
temperature and obtained property gains. This can be explained because tempera-
ture increases the reaction kinetics and consequently favors the gain of mechanical
strength, because it increases the dissolution of reactive species, such as silica and
alumina. However, the addition of FGD for this molar ratio of 3 was not effective
[28, 29].

All graphics refer to materials classified as ceramic. These materials are rigid,
have fragile ruptures and work practically in an elastic regime with low tenacity. In
the axial compression tests of geopolymer materials, in some situations cracks and
section losses with stress drops were observed. Subsequently, the materials increased
stress until failure.
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Conclusion

This work carried out investigations of the addition of FGD waste in a geopolymer
mortar with different percentages, temperatures, and curing times. The molar vari-
ation of the samples was also performed. After the compression tests, it can be
concluded that:

• The addition of FGD waste was effective for a molar ratio of 2.5, with a compres-
sive strength of 19.4 MPa. However, with greater molarity, the values did not
exceed 3.80 MPa;

• Thermal cure at 90 °C for seven days with the use of only metakaolin obtained
strength gains, reaching a value of 18.4 MPa;

• The thermal cure mixed with geopolymer mortar in the oven for 1 day achieved
significant gains, but smaller when compared to the geopolymer for 7 days in the
oven;

• There is a good number of publications related to geopolymers with precursors
known as matakaolin, blast furnace slag, and fly ash. However, the use of FGD
residue with metakaolin is initial and needs further study related to resistance,
thermal cure, and durability.

• These preliminary data revealed that metakaolin-based geopolymers with partial
FGD replacement can serve as a potential material for civil construction due to
their availability, accessibility, compressive strength, and sustainability.
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References

1. Ayeni O, Onwualu AP, Boakye E (2021) Characterization and mechanical performance
of metakaolin-based geopolymer for sustainable building applications. Const Build Mater
272:121938

2. Van den Heede P, De Belie N (2012) Environmental impact and life cycle assessment (LCA) of
traditional and ‘green’ concretes: literature review and theoretical calculations. Cement Concr
Compos 34:431–444

3. Wu Y, Lu B, Bai T, Wang H, Du F, Zhang Y, Cai L, Can J, Wang W (2019) Geopolymer, green
alkali activated cementitious material: synthesis, applications and challenges. Constr Build
Mater 224:930–949

4. Rashad A (2013) Alkali-activated metakaolin: a short guide for civil engineer—an overview.
Constr Build Mater 41:751–765

5. Azevedo ARG, Cruz ASA, Marvila MT, Oliveira LB, Monteiro SN, Vieira CMF, Fediuk R,
Timokhin R, Vatin N, Daironas M (2021) Natural fibers as an alternative to synthetic fibers in
reinforcement of geopolymer matrices: a comparative review. Polymers 13:2493

6. Provis JL (2014) Geopolymers and other alkali activated materials: why, how, and what?Mater
Struct 47:11–25



330 L. B. Oliveira et al.

7. Samarakoon MH, Ranjith PG, Rathnaweera TD, Perera MSA (2019) Recent advances in
alkaline cement binders: a review. J Clean Prod 227:70–87

8. Marvila MT, Azevedo ARG, Vieira CMF (2021) Reaction mechanisms of alkali-activated
materials. Rev IBRACON Estrut Mater 14:3

9. Mendes BC, Pedroti LG, Vieira CMF, Marvila M, Azevedo ARG, Carvalho JMF, Ribeiro JCL
(2021) Application of eco-friendly alternative activators in álcali-activated materials: a review.
J Build Eng 35:102010

10. Duxson P, Provis JL, Luckey GC, Van Deventer JSJ (2007) The role of inorganic polymer
technology in the development of ‘green concrete.’ Cem Concr Res 25:1471–1477

11. Chaves GLD, Siman RR, Ribeiro GM, Chang NB (2021) Synergizing environmental, social,
and economic sustainability factors for refuse derived fuel use in cement industry: a case study
in Espirito Santo, Brazil. J Environ Manag 288:112401

12. Zang ZH, Zhu HJ, Zhou CH, Wang H (2016) Geopolymer from kaolin in China: an overview.
Appl Clay Sci 119:31–41

13. Walia M, Dick WA (2018) Selected soil physical properties and aggregate-associatedcarbon
and nitrogen as influenced by gypsum, crop waste, and glucose. Geoderma 320:67–73

14. Wenyi T, Suping G, Wei X, Youxu L, Zixin Z (2018) Feature changes of mercury during the
carbonation of FGD gypsum from different sources. Fuel 212(19–26):7

15. Azevedo ARG,Marvila MT, Oliveira LB, Ferreira WM, Colorado H, Teixeira SR, Vieira CMF
(2021) Circular economy and durability in geopolymers ceramics pieces obtained from glass
polishing waste. Int J Appl Ceram Techno 00:1–10

16. Mathieu Y, Tzanis L, Soulard M, Patarin J, Vierling M, Molière M (2013) Adsorption of SOx
by oxide materials: a review. Fuel Process Technol 114:81–100

17. Davidovits J (1994) Properties of geopolymeric cements. In Proceedings of the first interna-
tional conference on Alkaline cements and concretes, pp 131–149

18. ABNT, NBR 7215—Portland cement—Determination of compressive strength of cylindrical
specimens, Brazilian Association of Technical Standards (2019) (in Portuguese)

19. ABNT, NBR 5739—Concrete—Compression Test of Cylindric Specimens, Brazilian Associ-
ation of Technical Standards (2007) (in Portuguese)

20. AzevedoARG,Vieira CMF, FerreiraWM, FariaKCP, Pedroti LG,Mendes BC (2020) Potential
use of ceramic waste as precursor in the geopolymerization reaction for the production of
ceramic roof tiles. J Build Eng 29(1):101–156

21. Kaur M, Singh J, Kaur M (2018) Microstructure and strength development of fly ash-based
geopolymer mortar: role of nano-metakaolin. Constr Build Mater 190:672–679

22. GuoX,DickWA (2013)Utilization of thermally treated flue gas desulfurization (FGD) gypsum
and class-C Fly Ash (CFA) to prepare CFA-based geopolymer. J Wuhan Univer Technol Mater
Sci 28:132–138

23. Kovalchuk G, Fernández-Jiménez A, Palomo A (2007) Alkali-activated fly ash: effect of
thermal curing conditions on mechanical and microstructural development—Part II. Fuel
86:315–322

24. Provis JL, Bernal SA (2014) Geopolymers and related Alkali-activated materials. Annu Rev
Mater 44:299–327

25. Nasir M, Johari MAM, Maslehuddin M, Yusuf MO, Al-Harthi MA (2020) Influence of heat
curing period and temperature on the strength of silico-manganese fume-blast furnace slag-
based alkali-activated mortar. Const Build Mater 251:118961

26. Shi C, Fernández Jiménez A, Palomo A (2011) New cements for the 21st century: the pursuit
of an alternative to Portland cement. Cem Concr Res 41:750–763

27. Muñiz-Villarreal MS, Manzano-Ramírez A, Sampieri-Bulbarela S, Gasca-Tirado JR, Reyes-
Araiza JL, Rubio-Ávalos JC, Pérez-Bueno JJ, Apatiga LM, Zaldivar-Cadena A, Amigó-Borrás
V (2011) The effect of temperature on the geopolymerization process of a metakaolin-based
geopolymer. Mater Lett 65:9995–9998

28. Marvila MT, Azevedo ARG, Cecchin D, Costa JM, Xavier GC, de Fátima do Carmo D,
Monteiro SN (2020) Durability of coating mortars containing açaí fibers. Case Stud Const
Mater 13. https://doi.org/10.1016/j.cscm.2020.e00406

https://doi.org/10.1016/j.cscm.2020.e00406


Development of Metakaolin-Based Geopolymer Mortar … 331

29. Neuba LM, Pereira Junio RF, Ribeiro MP, Souza AT, Lima ES, Filho FCG, Azevedo ARG,
Monteiro SN (2020) Promising mechanical, thermal, and ballistic properties of novel epoxy
composites reinforced with cyperus malaccensis sedge fiber. Polymers 12(8). https://doi.org/
10.3390/polym12081776

30. Callister WD, Rethwisch DG (2008) Fundamentals of materials science and engineering: an
integrated approach. Hoboken, NJ, John Wiley & Sons

https://doi.org/10.3390/polym12081776


Effects of Natural Aging on Fique
Fabric-Reinforced Epoxy Composites:
An Analysis by Charpy Impact Energy

Michelle Souza Oliveira, Fernanda Santos da Luz, Artur Camposo Pereira,
Fabio da Costa Garcia Filho, Noan Tonini Simonassi,
Lucio Fabio Cassiano Nascimento, and Sergio Neves Monteiro

Abstract The interest in the use of composites reinforced with natural fibers is
growing and this great interest in their usemakes it necessary to know themechanical
knowledge of materials under the most varied conditions of structural application.
Among these, the application of these materials can be highlighted in situations that
suffer the action of different conditions, and in this case, the studies of mechanical
properties in addition to the fracture mechanism against natural aging are extremely
necessary. The present work presents results of the behavior under Charpy impact
energy of epoxy composites reinforced with 40 vol% of fique fabric aged in a natural
environment for 90 days. The absorbed energy reduced around 47%.

Keywords Mechanical performance · Epoxy resin · Fique fabric · Aging materials

Introduction

The use of ecological materials, aiming to minimize environmental problems, has
become quite common in recent years and is amajor concern of the scientific commu-
nity [1]. The new paradigm of economic development is aimed at improving the
quality of life of future generations, incorporating fewer polluting modes of produc-
tion in its conception [2]. The use of lignocellulosic fibers as substitutes for various
synthetic reinforcements in polymer composites has showngreat potential for techno-
logical application, showing significant advantages, such as low cost and low density
[3, 4]. In addition, natural fibers are biodegradable, are not toxic or polluting, come
from renewable sources and are available all over the world, reducing environmental
problems. The search for new materials has led researchers to develop composites
using these types of fibers as reinforcement. Charpy and Izod impact energy studies,
Fig. 1, have been carried out with other natural fibers like sugarcane bagasse [5], jute
[6], mallow [7, 8], hemp [9], PALF [10], coir [10], curaua [11], and fique [12, 13].
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Neat epoxy resin/ Izod [1]

10 vol% Hemp Fabric-Epoxy /Izod [2]

20 vol% Hemp Fabric-Epoxy /Izod [3]
30 vol% Hemp Fabric-Epoxy /Izod [4]
30 vol% Curaua Fiber-Polyester/ Izod [5]
30 vol% Coir Fiber-Epoxy/ Izod [6]
30 vol% PALF Fiber-Epoxy/ Izod [7]
10 vol% Mallow Fiber-Epoxy/ Izod [8]
20 vol% Mallow Fiber-Epoxy/ Izod [9]
30 vol% Mallow Fiber-Epoxy/ Izod [10]
Neat epoxy resin/ Charpy [11]
40 vol% Curaua Fiber-Polyester/ Charpy [12]
10 vol% Mallow Fiber-Epoxy/ Charpy [13]
20 vol% Mallow Fiber-Epoxy/ Charpy [14]
30 vol% Mallow Fiber-Epoxy/ Charpy [15]
10 vol% Sugarcane bagasse Fiber-Polyester/Charpy [16]
20 vol% Sugarcane bagasse Fiber-Polyester/Charpy [17]
30 vol% Sugarcane bagasse Fiber-Polyester/Charpy [18]
10 vol% Jute Fiber-Epoxy/Charpy [19]
20 vol% Jute Fiber-Epoxy/Charpy [20]
30 vol% Jute Fiber-Epoxy/Charpy [21]

Fig. 1 Sergio Monteiro’ laboratory studies in Charpy and Izod impact energy

Results of the above studies carried out in this laboratory by Sergio Monteiro and
coworkers have shown natural fiber to be an effective reinforcement in polymers. The
applicability and the potential for composites fabricated with natural reinforcement
relies on the economy of the country, with particular applications in the ballistic
panels in which the reliability, weight reduction, cost reduction, and material sources
are critical points for evaluation [1, 12].

Composites reinforced with fique fabric are currently being investigated as
possible advanced engineering materials. Charpy notched impact of epoxy resin
matrix reinforced with a multilayer natural fique fiber in a bi-directional commercial
fabric configuration was analyzed by Rua et al. [12] and Oliveira et al. [13]. The last
one, compared the Charpy and Izod impact energies and noted that a proportional
increase with the volume fraction of fique fabric layers incorporated into the epoxy
matrix up to 40 vol%. These natural fibers reinforcing polymer materials would
either be exposed to natural weathering (e.g., heat, humidity, rain, frost, atmospheric
pollutants, wind gusting, sand abrasion, sunshine) [14]. Natural weathering encom-
passes the effects of most types of degradation phenomena and usually involves the
combined effect of the polymer’s mechanical properties, leading to embrittlement
or catastrophic failure, i.e., cracking, of the material [14, 15]. It is of fundamental
importance to study the behavior in relation to the degradation mechanisms of the
composite, in a view of possible applications in external environments, under the
action of solar radiation, rainfall, temperature, and humidity. Therefore, the objective
of the present work was to evaluate the impact resistance of epoxymatrix composites
reinforced with 40 vol% of fique fabric weathering aged.

Materials and Methods

Fique fabric commercially available in Medellin, Colombia, was purchased from a
local commercial outlet. The polymer used as the material of the composite plate
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Fig. 2 Sample holder
apparatus placed on the roof
of a building in Rio de
Janeiro/Brazil

matrix was a commercial epoxy resin diglycidyl ether type of bisphenol A (DGEBA)
cured with triethylenetetramine (TETA), using the phr of 13 parts of hardener to
100 parts of resin. In sequence, the resin, still liquid, was poured over the fique
fabric inside the mold. The composite formed was allowed to cure for 24 h at room
temperature.

The natural weathering experiment was performed in Rio de Janeiro/Brazil. Each
sample was placed on the roof of a building in the center of the city and was exposed
to natural weathering for 2160 h (90 days: 05/10/2020–05/01/2021). The sample
holder apparatus, Fig. 2, was placed on the roof to the south direction at an angle
of elevation of 45°. The geographic coordinate of the weathering test apparatus is
22° 54′ 13S and 43° 12′ W.The research building is near Guanabara’s Bay of Atlantic
Sea at a distance of 570 m, with an altitude of 20 m from the sea level.

Standard specimens measuring 127 × 12.7 × 10 mm were fabricated for the
Charpy impact test in accordance with ASTM D6110. With the number of seven
samples, they were tested by impact with a PANTEC hammer pendulum.

The values obtained for the Charpy impact energy were interpreted by means of
the Weibull statistics using the computer program Weibull Analysis. The Weibull
statistical analysis is based on a cumulative distribution function.

F(x) = 1 − exp[−(x/θ)β] (1)

where θ and β are mathematically known as the shape and scale parameters. Equa-
tion 1 can be conveniently modified into a linear expression by double application
of logarithm:

ln ln (1 ÷ (1 − F(x))) = βln x − (βln θ) (2)
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Using the seven experimental specimens’ data, the computer program constructed
the linear graph of Eq. 2 and calculated the Weibull parameters. After impact tests,
fragments of the ruptured specimens were collected and analyzed by scanning
electron microscopy (SEM), in a model Quanta FEG FEI equipment.

Results and Discussion

Meteorological parameters are the major factors in our study. The climate of the
Guanabara Bay as a whole is humid tropical, with a rainy season in summer, from
December toApril, and a dry season, between June andAugust. The climatic diversity
can be evidenced by the very irregular distribution of precipitation in the region.
Relative air humidity averages 78%. The average annual precipitation, measured at
the Aterro do Flamengo Meteorological Station, is 1173 mm, and evaporation is
1198 mm. In addition, the annual average temperatures are 23.7 °C [16].

The climate of Guanabara Bay is influenced by several atmospheric factors,
whether dynamic (air mass, for example) or geographic (static), such as topography,
geographic position, maritime nature, continentality, among others. The duration of
the test used in the composites was 2160 h.

The degradationmechanisms of the compositemay undergo during natural ageing
are thermo-oxidative, photo-oxidative, and hydrolytic degradation [17]. However,
significant degradation was observed through this study, demonstrating the domi-
nating degradation mechanism of fique composite to be photo-oxidative. Literature
reported that color fading after aging is caused by oxidation of lignin [17].

Microcracks that develop on a UV-irradiated surface provide pathways for rapid
ingress of moisture and chemical agents. Water, especially in the form of conden-
sation, can also remove soluble products of photo-oxidation reactions from a UV-
irradiated surface and thereby expose fresh surfaces susceptible to further degrada-
tion by UV radiation [14, 17]. Atmospheric pollutants may cause degradation, but in
combination with solar radiation and other weather factors they can be responsible
for severe damage [14].

As Luz et al. [10], although the heaviest hammer available (22 J) was used in
the impact test, samples of composites reinforced with 40 vol% in both conditions,
aged and not aged, did not break completely. The fact that Fique composite Charpy
samples did not break completely is an indicative of the high toughness of this
composite, provided by Fique reinforcement. In fact, if there were a total rupture of
this composite, the energy absorbed would be even higher.

Literature report that most of the increase in tenacity is due to the low natural
fiber/polymer matrix interfacial shear stress. This phenomenon results in a higher
absorbed energy as a consequence of a longitudinal propagation of the cracks
throughout the interface, which generates larger rupture areas, as compared to a
transversal fracture [6]. The decrease in Emax values reached 47% after the weath-
ering of 2160 h in comparison on the composite no aged. One can see in Table 1
the Weibull parameters. In this statistical method the shape parameter, β, is one of
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Table 1 Weibull parameters of the Charpy impact test

Materials β θ R2 Mean Standard
deviation

Composite
no aged

2.61 551.2 0.94 489.6 201.8

Composite
natural
aged

5.55 262.1 0.84 242.1 50.4

the most widely examined parameters because it helps indicate the types of failures
occurring base on slope or the β value. If the value of β > 1, the failure rate will
generally increase over time, this could be an indication of premature failure issues,
lack of proper maintenance, or dictate the useful life of the material.

Due to the high complexity of the failure process in the Charpy test, scanning
electronmicroscopywas used to analyze all the fractured samples in the close vicinity
of the notch. Figure 3 shows a comparison of the fracture zones, close to the initial
notch line in the no aged and aged composite. The rough appearance of the fiber
surface (Fig. 3a) indicates a good bonding between fiber and matrix. The fiber failure
surface was found to be very irregular and rough. The matrix clearly failed without
fragmentation.

As aforementioned, the color of the specimens has changed obviously after aging,
and the boundary between the fiber and matrix is more and more obvious (Fig. 3b).
The failure mode of the aged specimen is mainly fiber fracture and the bond between
the fique fabric and epoxy matrix. The bonding strength between the matrix and the
fabric is decreased by the weathering aging of the composite, which indicates the
degradation of fabric/matrix interface. This is a likely reason for the presence of a
gap between the fiber and the matrix, increasing the pullout process. Failure results
in a cross section, with irregularities, in a plane perpendicular to the fiber axis. The
surface of the pulledfiberswas smooth (Fig. 3b), and therewere lessmatrix impurities
around, which was also evidence of poor fabric/matrix adhesion.
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(a)

(b)

Fig. 3 SEM micrograph of the fracture for a 40 vol% fique fabric composite a no aged and b
natural aging

Summary and Conclusions

• A significant degradation was observed through this study, demonstrating the
dominating degradation mechanism of fique’ composite to be photo-oxidative;

• The decrease in Emax values reached 47% after the weathering of 2160 h in
comparison on the composite no aged;

• The shape parameter increased after the aging, this could be an indication
of premature failure issues, lack of proper maintenance of the fique–epoxy
composite;

• Failure mode of the aged specimen was mainly fique fiber fracture and the bond
between the fique fabric and epoxy matrix.
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Evaluation of Recyclable Thermoplastics
for the Manufacturing of Wind Turbines
Blades H-Darrieus

Andres F. Olivera, Edwin Chica, and Henry A. Colorado

Abstract Wind energy is one of the most important clean energy sources. However,
the manufacturing processes of turbine blades require rethinking when considering
circular economy concepts. Rebuilt blades could be made with solid waste from the
same turbines after their life cycle or from residual parts from other processes. The
most direct adverse environmental effect is in the recycling of the wind turbines
blades, since thermoset materials are the most typical material for the blades, which
are not easily recycled at the end of their life cycle, worsen by the fibers that typically
it contents in the blades. This research seeks to evaluate the mechanical strength of
two types of thermoplastic materials, PLA and PETG, manufactured in a 3D printer.
The PTEG material exhibited the most desirable mechanical strengths and will be
the one used to manufacture the blades of an H-Darrieus wind turbine on a laboratory
scale.

Keywords Wind turbine blade · 3D printing · Life cycle assessment · Tensile test ·
Flexion test

Introduction

The circular economy, responsible consumption, and affordable and non-polluting
energy are part of the sustainable development objectives adopted by the United
Nations (UN) [1]. This concept describes the entire process of designing, manufac-
turing, transporting, using, dismantling, recycling, and reusing a product before it
is sent to the consumer market. If the planning process is carried out correctly, it
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could be guaranteed that there will be responsible consumption based on the prin-
ciple of the circular economy and thus beneficial for the near communities and for
the sustainability of the planet [2].

The wind energy industry has undergone considerable growth in recent years and
represents one of the sectorswith the highest consumption of compositematerials [3].
According to the Renewable energy Policy Network for the 21st Century-REN21, in
2019, the installed capacity of wind power expanded by 19%, with around 60 GW of
new capacity added to the world’s electricity grids. As of 2019, the reported energy
generation capacity from wind power was 651 GW.

Given this increase in installed capacity, it is important to consider the life cycle
of the equipment used for the transformation of the kinetic energy of the wind into
electricity, especially the wind turbine [4]. The average useful life of a wind turbine
can be between 20 and 25 years. Currently, there are very few ways to recycle the
blades of a wind turbine in an economical and sustainable way, which is why landfills
are the option most used today for final disposal [5, 6]. Different researchers around
the world consider that in the next 25 years around 225,000 tons of waste from wind
turbine blades will be produced [7–10].

Today, there are different alternatives for the upgraded design and manufacture of
blades in wind turbines, leaving aside the common non-recyclable materials such as
thermosetting resins and being replaced by thermoplastics that contain additions of
glass and carbon fibers and have the capacity to be recycled and reused [11, 12]. The
reduction, recycling, and reuse of these components has become a challenge, which is
why a life cycle assessment must be carried to verify that the materials and processes
to be used will meet the sustainable development goals set by the UN [13, 14]. The
current project shows results regarding the construction of these wind turbine blades,
recyclability of some of the used materials, and materials characterization. Although
in Colombia the market is just starting, the potential of this technology is quite high
and must agree with other initiatives that involve circular economy [15, 16], reuse
and recycling of composites [17], and innovation [18] and sustainability via additive
manufacturing [19].

Materials and Methods

Twomechanical tests were carried out, tension and flexion tests, for the twomaterials
selected: Polylactic acid (PLA) and Polyethylene terephthalate glycol (PETG). The
temperature of the material during the 3D printing processes were varied for manu-
facturing: 190, 210, and 230 °C for PLA and 230, 240, and 250 °C for PETG. The
3D printing process fabrication selected is fused deposition modeling (FDM), one
of the most extensively used technologies in 3D fabrication due to the versatility of
the process and low cost. For each material, at least three replicates were produced;
2 materials, with 3 temperatures and 3 replicates, 18 total test specimens were made.
The testing methods are based on Standard Test Method for Tensile Properties of
Plastics (ASTM D638− 14). The type I specimen shown in Fig. 1 was used [20].
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a) b)

c)

Fig. 1 a Isometric view of the layout of tensile specimen according to ASTM D638—14 specifi-
cations, b manufacturing process in a 3D printing software. c tensile specimen made according to
the specifications of the standard

The type I specimen was designed in CAD software, as seen in Fig. 1a, later, this
design was exported in an STL format, which is read by a 3D printer as shown in
Fig. 1b. This process will lead into the manufacturing of the part, according to the
initial design specifications. The fabricated specimens which will be tested in the
machine for tension tests are shown in Fig. 1c, each one corresponding to the each
of the manufactured batches.

For flexural tests, the Standard Test Methods for Flexural Properties of Unrein-
forced and Reinforced Plastics and Electrical Insulating Materials (D790-17) was
used. Specimens must be solid and uniformly rectangular, as seen in Fig. 2a and

a) b)

c)

Fig. 2 a Isometric view of the layout of flexion specimen according to ASTM D790-17 specifica-
tions, b manufacturing process in a 3D printing software. c Flexion specimen made according to
the specifications of the standard
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b. The specimen rests on two supports and is loaded by means of a loading nose
midway between the supports [21]. In Fig. 2 are shown 1 of the 36 test specimens
made.

Results and Analysis

Figure 3 summarizes the tensile strength with respect to the manufacturing temper-
ature of the specimen. PLA does not strengthen with increased printing temperature
(in fact the performance worsens at 230 °C). On the other hand, PETG exhibits a
strengthening effect with increased printing temperature. PETG samples showed a
very low resistance at 230 °C, but in the other, values were quite competitive with
respect to PLA.

Figure 4 shows typical stress–strain curves for some selectedmaterials and temper-
atures. PETGmaterials with carbon fiber aremuchmore ductile because of the action
of the fibers, which is quite important in terms of the deformation solicitations. In a
study carried out by the University ofWindsor-Canada, they considered the design of
wind turbines in 3Dprinting, using different plasticmaterials such asABS, exhibiting
an average tensile strength of 28.5 MPa and PLA which has exhibited resistance to
55.6 MPa tensile [22].

Similarly, in a study led by researchers from McGill University revealed the
mechanical behavior of 3D printed materials for the manufacture of blades for wind
turbines, with additions of fiberglass recycled from dismantled wind turbines, there it
was established that pure PLA and the composite material, obtained a tensile strength
of 51 and 50 MPa and deformation of 22–20%, respectively [23]. When comparing
these results with other researchers with the results obtained in this investigation,
where the maximum tensile strength of PLA and PETG was 51 and 49 MPa and

Fig. 3 Tensile strength behavior at different 3D printing temperatures
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Fig. 4 Stress versus strain curve

the ductility was 7–15%, respectively, this is how the materials tested are within the
normal range of wind turbine blade design.

Figure 5 shows the summary of results for all samples of each composition, clearly
with PETG outperforming the PLA. Also, the materials resilience (a property that
accounts for thematerials capacity to recover fromdeformation, very important under
high deformation such as in high deformation [24] or extreme weather conditions
[25] was obtained, and once again, PETG showed to be better than PLA, see Fig. 6.

Figure 7 shows that PETG present lower flexural strength than PLA. PLA speci-
mens show their best flexural strength at 210 °C, although at 230 °C the values do not
significantly differ from PETG values. For the PETG samples, the strength values
increased from samples tested from 230 to 250 °C, having its higher values at the
maximum tested temperature 250 °C, with 93 MPa, same value for the worst results
of PLA.

Fig. 5 Ductility results
between different materials
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Fig. 6 Resilience results between different materials

Fig. 7 Flexion strength behavior at different 3D printing temperatures

Figure 8 shows typical strain–stress values for the flexural tests, for samples
with the best results in terms of the mechanical strength of Fig. 7. PLA supports
greater flexural load, however, PETG is faraway much better in ductility result when
compared to PLA.

Conclusions

After evaluating PLA and PETG as printing materials using FDM 3D printing tech-
nology in order to manufacture wind turbine blades and comparing these results with
studies from other investigations which also analyzed materials to manufacture wind
turbine blades, it was clear that PLA samples showed better results in terms of both
tensile and flexural strength. However, the ductility was better for the PETG samples
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Fig. 8 Stress versus strain curve, Characterization of materials in stress and deformation (flexion)

(in both tests). Given that the values are not too different for the strength properties,
and considering other aspects such as fatigue and deformation, the use of PETG is
a real possibility since it offers better energy absorption which guarantees greater
durability, for the conditions to which it will be exposed, this is very important in
an H-Darrieus wind turbine application. For these reasons, although PLA is also a
potential option, PETG appears to be a more suitable and versatile material for use
in the blades of an H-Darrieus wind turbine.
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Evaluation of the Rheology of Mortars
with Incorporation of Ornamental Stone
Waste

E. B. Zanelato, A. R. G. Azevedo, M. T. Marvila, J. Alexandre,
and S. N. Monteiro

Abstract The ornamental stone industry is a strategicmarket of great importance for
many countries, however, the lack of an adequate destination for the waste generated
causes a great environmental impact. The objective of this work is to evaluate the
rheology of mortars with the incorporation of granite andmarble residues for coating
application. Particle grain size characterization tests were carried out of the materials
used in the manufacture of the mortar and incorporated waste. The mortars were
made with incorporations of 10, 20, 30, and 40% with each one of the residues
replacing the sand. Water retention and mechanical resistance tests were carried out,
in addition to the squeeze-flow test to evaluate the rheology. The results indicated
that the marble residue improves both the mechanical strength and the rheology of
mortars for application in coating. Granite residue increases mechanical strength
similarly to marble and less in rheology.

Keywords Mortar · Residue · Rheology

Introduction

The adhesion of mortars to the substrate is the main property of mortars. The initial
contact of the coating mortars with the surface of the substrates is directly influenced
by the rheology of the mortar, since the casting is still carried out in a fresh state [1].

Both the initial contact and the spreading over the substrate are directly influ-
enced by the rheology of the mortar. Rheology directly influences the surface tension
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present on the substrate surface at themoment they come into contact. Surface tension
is a result of adhesion forces that must be strong and stable for adhesion between
materials. The influence of rheology on surface tension is explained by the theory of
interfacial bonds between a solid (substrate) and a liquid (mortar paste) [2].

The initial adhesion of the mortar with the substrate must occur in such a way
that the liquid covers the solid surface as much as possible, reducing the gaps that
generate adhesion failures at the interface. For the spreading of the liquid over the
solid to occur with minimal defects, the liquid must have low viscosity, in addition,
it is necessary that the process results in a decrease in free energy in the system [3].
This property of scattering liquids on solids is influenced by the reduction of the
contact angle, the smaller the contact angle, the lower the surface tension and the
greater the scattering. There are several factors that influence the reduction of the
contact angle, including the use of air-incorporating and water-retaining additives or
the increase in plasticity obtained by the addition of lime [4]. Furthermore, changes
in the composition of the mortar, such as the increase in cement content, can favor
adhesion, as it causes a reduction in surface tension [5].

The use of materials that change the surface tension of mortars directly influences
the rheology and consequently its performance. The replacement of sand by waste
promotes changes in surface tension and reduces environmental impacts [6].

In addition to replacing sand, a raw material that would be removed from nature
for industrial use, the residue can be used in the manufacture of mortar, a destination
with less environmental impact than its disposal in landfills [6].

The Brazilian ornamental stone industry alone exports 2.36 million tons of mate-
rial, generating 800,000 tons of waste annually, whose most appropriate destination
is sanitary landfills [7].

The use of residue in mortars has already been evaluated by several authors [8–
10], where the mechanical performance has been improved. Studies related to mortar
in its fresh state and mainly related to rheology are fundamental for deepening the
knowledge related to the incorporation of the residue in mortar, since the main
property of the mortar is its adherence to the substrate.

The objective of this work is to evaluate mortar produced with two different
ornamental rock residues, granite and marble, in coating mortars. Granulometry and
chemical analysis tests were carried out to characterize the materials used in the
manufacture of mortar. Sand replacements were made by incorporating 10, 20, 30,
and 40% with each residue, in addition to the reference without adding the residue.
The performance of the mortars was evaluated by water retention and mechanical
strength tests. Rheology was evaluated by the squeeze-Flow assay.

Materials and Methods

The materials used to make the mortar were characterized by grain size and grain
density tests.
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Table 1 Tests performed on
mortar and respective
standards

Test Standard

Compressive strength NBR 13,279 [12]

Flexural tensile strength NBR 13,279 [12]

Water retention NBR 13,277 [13]

Squeeze-flow NBR 15,839 [14]

Two traces of mortar were used: 1:1:6 and 1:2:9 (Cement: Hydrated Lime: Sand).
These traces were chosen because of their recurring use and proper plasticity for
coating application. The 1:2:9 trace exhibits greater water retention and is widely
used in locations that are most vulnerable to water loss by evaporation or absorp-
tion of the substrate where it was applied. The 1:1:6 trace exhibits greater mechan-
ical strength as well as greater adhesion potential, however, depends on suitable
application conditions where the coating does not suffer a large volume of water
loss.

Granite and marble residues were incorporated in substitution of sand at 10, 20,
30, and 40% levels beyond the reference without incorporation.

The mortars were made as recommended by NBR 13,276 [11]. The tests
performed and the respective standards are shown in Table 1.

Results

Figure 1 shows the particle size distribution obtained by the materials used in the
preparation of mortar.

As can be seen in Fig. 1, marble has a similar grain size to cement, while granite
has an intermediate grain size between cement and sand. Hydrated lime is the finest
material used in making mortar.

The results obtained in the water retention test are shown in Fig. 2.
The results obtained in the test indicate that the water retention is directly influ-

enced by the mortar mix, the type of residue, and the level of incorporation of the
residue.

As already mentioned in the materials and methods, the 1:2:9 mix has a higher
proportion of hydrated lime, the thinnest material in the mortar, which increases its
water retention capacity.

The incorporation of marble was more effective than that of granite in increasing
water retention. Because it is thinner and, therefore, has a greater surface area, marble
was able to increase its water retention capacity, even less than that of hydrated lime.

The increase in water retention was verified as the level of incorporation of both
waste used increased.

The results obtained in the mechanical strength test are shown in Figs. 3 and 4.
As can be seen in Figs. 3 and 4, the mix used significantly influences the mechan-

ical strength, however, granite has a performance very similar to that of marble. The
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Fig. 1 Particle grain size

Fig. 2 Water retention

increase in the level of incorporation of the residue shows a slight tendency towards
an increase in mechanical strength.

The better performance obtained by the 1:1:6 mix can be explained by the higher
proportion of cement. The higher proportion of hydrated lime of the 1:2:9 mix
increases water retention, as seen in Fig. 2, however, it generates loss of mechanical
strength with a decrease in the proportion of cement.
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Fig. 3 Compressive strength

Fig. 4 Flexural strength

Marble and granite waste have very similar results across the levels of waste
incorporation, especially when the standard deviation of the test is observed.

It is also verified in both tests that the mechanical resistance increases slightly as
the residue incorporation increases.

The results of the squeeze-flow assay for each of the residues are shown in Figs. 5
and 6.

As can be seen in Figs. 5 and 6, the level of residue incorporation and especially
the mix, directly influence the rheology of the mortars.
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Fig. 5 Squeeze-flow: granite

Fig. 6 Squeeze-flow: marble

The 1:2:9 mix presents greater spreading during the test for the same load
compared to the 1:1:6 mix at any level of incorporation. This performance is justified
by the presence of fines in the hydrated lime, which reduce internal friction during
mortar spreading.

There is also an increase in scattering as the level of waste incorporation increases,
both in Fig. 5 for granite and in Fig. 6 for marble in both analyzed traces.
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The increase in spreading as the level of incorporation increases is also justified by
the greater presence of fines, since sand is replaced, amaterial of greater granulometry
among those used in the manufacture of mortar.

To compare the residuals, the results were grouped according to the trace in Figs. 7
and 8.

By grouping the data by trace, it is verified that marble has a significantly greater
spread than granite. The incorporation of 10% of marble is already enough to over-
come the spreading obtained by the incorporation of 40% of granite in the 1:1:6
mix.

Fig. 7 Squeeze-flow: 1:1:6

Fig. 8 Squeeze-flow: 1:2:9
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For the 1:2:9 mix, the scattering obtained by incorporating 10% of marble is
overcome by the incorporation of 40% of granite, the latter being surpassed by the
scattering of 30% of marble.

Conclusion

In this work, it was possible to analyze how the incorporation of both marble and
granite influence the properties of mortars, both in the highest strength (1:1:6) and in
the most workable (1:2:9). The following conclusions can be made with the analysis
of the results:

• The 1:1:6 trace has greater strength than the 1:2:9. The difference in resistance
between the traces is not overcome until the incorporation of 40% of any waste
used. As well as the rheology of the 1:2:9 mix is also not surpassed by the
incorporation of up to 40% of the residues used.

• The type of residue significantly influences the fresh state, as seen in both the
squeeze-flow and the water retention tests. However, the type of residue has little
influence on the hardened state, evaluated by mechanical strength.

• The replacement of the area by both granite and marble residues brings better
performance in the fresh state, keeping or even slightly increasing the hardened
state.

• Marble residue showed similar performance to granite residue in the hardened
state. In the fresh state, the marble residue performed considerably better than
that of granite, which makes its use more recommended.
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Fundamental Study on Wettability
of Pure Metal Using a Low Melting
Temperature Alloy: A Theoretical
Approach

Jun-ichi Saito, Yohei Kobayashi, and Hideo Shibutani

Abstract Studies onwettability control with liquid sodium have been conducted via
many experiments and theoretical calculations. However, experiments using liquid
sodium are challenging because of the high chemical reactivity of liquid sodium.
Hence, we plan to perform experiments using a lowmelting temperature alloy, which
is easy to use in air. In this study, the electronic structure of the interface between
the substrate metal and the liquid metal was calculated using the molecular orbital
method to understand the wettability of pure metal with the low melting temperature
alloy. Results showed that the kind of liquid metal affected the atomic interaction at
the interface. We obtained some atomic bonds representing a feature of the interface
in order to understand the wettability by experiments.

Keywords Wettability · Liquid metal · Low melting temperature alloy · Atomic
bonding · Electronic structure

Introduction

We conducted a fundamental study on wettability by liquid sodium [1, 2]. Our
previous research showed a good correlation between the contact angle, which is an
indication of wettability, and the atomic bonding generated by the electronic struc-
ture of the interface. Liquid sodium, which is used in wettability experiments, has
high chemical activity and reacts violently with oxygen and moisture. Consequently,
handling liquid sodium in experiments is generally challenging. Furthermore, a glove
box filled with high-purity argon gas is necessary for experiments involving liquid

J. Saito (B)
Japan Atomic Energy Agency, 1 Shiraki Tsuruga, Fukui 919-1279, Japan
e-mail: saito.junichi78@jaea.go.jp

Y. Kobayashi
National Institute of Technology, Maizuru College, 234 Shiroya Maizuru, Kyoto 625-8511, Japan

H. Shibutani
Kurume Institute of Technology, 2228-66 Kamitsu-cho Kurume, Fukuoka 830-0052, Japan

© The Minerals, Metals & Materials Society 2022
M. Zhang et al. (eds.), Characterization of Minerals, Metals, and Materials 2022,
The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92373-0_35

359

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92373-0_35&domain=pdf
mailto:saito.junichi78@jaea.go.jp
https://doi.org/10.1007/978-3-030-92373-0_35


360 J. Saito et al.

sodium. Thus, instead of liquid sodium, we considered using a low melting temper-
ature alloy, which is easy to handle in air during experiments, to understand the
wettability between substrate and liquid metals.

In this study, the electronic structure of the interface between the liquid metal (the
low melting temperature alloy) and the substrate metal was calculated to understand
the wettability of pure metal with a low melting temperature alloy. The purpose of
this study is to obtain new parameters (the atomic bond orders, which represent a
feature of the interface between the pure metal and the low melting temperature
alloy) to understand theoretically the wettability of pure metal with the low melting
temperature alloy.

Theoretical Calculation

Calculation Method

Discrete variational (DV)-Xα calculation, which is a molecular orbital calculation,
was used for the theoretical calculation of the interface between the substrate metal
and the liquid metal. There are many detailed papers about DV-Xα calculation [3–6].
One of the advantages of this approach is that it easily performs not only solid-state
calculations but also calculation of the interface between solids and liquids.

Low Melting Temperature Alloy and Substrate Metals

In this study, a low melting temperature alloy (U-alloy 60) manufactured by Osaka
Asahi Co., Ltd., which will be used in future experiments, was regarded as the
liquid metal. Its melting temperature is 333 K. This alloy consists of three metal
elements: indium, bismuth, and tin. Its composition is as follows: 51 mass% In–32.5
mass% Bi–15.5 mass% Sn (60 mol% In–21 mol% Bi–19 mol% Sn). A component
of structure metals was selected as the substrate metal. The crystal structures and
the lattice constants of the substrate metal used in the calculation are shown in Table
1. The substrate metal has three types of crystal structures: body-centered cubic,
face-centered cubic, and close-packed hexagonal (hereinafter called bcc, fcc, and
hcp, respectively). The atomic radii of the three types of liquid metal atoms used in
the calculation are shown in Table 2.
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Table 1 Lattice constant of substrate metals used in calculation

Metal Al Ti Fe Ni

Crystal structure fcc hcp bcc fcc fcc

Lattice constant (nm) 0.40496 a = 0.295
c = 0.468

0.28 0.36468 0.352

Substrate metal Cu Zr Nb Mo

Crystal structure fcc hcp bcc bcc

Lattice constant (nm) 0.36147 a = 0.323
c = 0.515

0.33 0.315

Table 2 Atomic radius of
liquid metals used in
calculation

Liquid metal In Bi Sn

Atomic radius (nm) 0.167 0.156 0.140

Cluster Models

A schematic drawing of the contact state of the liquid metal with the substrate metal
is shown in Fig. 1. Figure 1a shows the interface between the substrate and liquid
metals at the visual level. The liquid metal contacts the substrate metal. In detail, at
the atomic level, the substrate metal atoms interact typically with the liquid metal
atoms, as shown in Fig. 1b.When one atomcontacts another atom, charge transfer and
atomic bonding occur certainly between atoms. Therefore, the electronic structure of
the interface between the substrate metal and the liquid metal is vital for a theoretical
understanding of the wettability.

Clustermodelswere constructed on the basis of the interface between the substrate
metal and the liquid metal, as shown in Fig. 2. Figure 2a illustrates the cluster model
for the case of the fcc or hcp crystal structure. Figure 2b depicts the cluster model
for the case of the bcc crystal structure. In these figures, the gray circles indicate the
substrate metal atoms, whereas the white circles indicate the liquid metal atoms.

The interface between the substrate and liquid metals was selected as the close-
packed plane of each crystal structure. In particular, the interfaces of fcc, hcp, and bcc

(a)  Visual level (b) Atomic level

Fig. 1 Schematic drawing of the interface between substrate metal and liquid metal
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(a) (b)

Fig. 2 Cluster models used for electronic structure calculation. a fcc or hcp substrate metal, b bcc
substrate metal. In each cluster, M(C) is the centered atom of the substrate metal. M(1) and M(2)
are the first- and second-nearest-neighbor substrate metal atoms, respectively, from M(C). LM(1)
and LM(2) are the first- and second-nearest-neighbor liquid metal atoms, respectively, from M(C)

were (111), (0001), and (110), respectively. The liquidmetal atomswere placed above
the centered atom of the substrate metal. This cluster model consists of five kinds of
atomic sites: the centered atom (M(C)) in the clustermodel, the first-nearest-neighbor
substratemetal atom (M(1)) fromM(C), the second-nearest-neighbor substratemetal
atom (M(2)) from M(C), the first-nearest-neighbor liquid metal atom (LM(1)) from
M(C), and the second-nearest liquid metal atom (LM(2)) from M(C). The numbers
of the first- and second-nearest-neighbor substrate metal atoms differ by the crystal
structure of the substrate metal.

Electron States of Interface Between Substrate Metal
and Liquid Metal

Electron Density of States

The calculated electron density of states of the interface between each substratemetal
and each liquid metal is shown in Fig. 3. For example, for the electron density of
states of Fig. 3a–c, the substrate metal is titanium, and the liquid metals are indium,
bismuth, and tin. The horizontal axis denotes the electron density of states, and the
vertical axis denotes the energy. Ef means the Fermi level. Due to space limitations,
the shown density of states is for a 3d transition metal as the substrate metal.

These figures clarify that the main component is the d-orbital of the substrate
metal. A peak of the d-orbital component exists near the Fermi level. The d-orbital
component of the 3d transition metal shifts gradually to the low-energy side with



Fundamental Study on Wettability of Pure Metal … 363

(b) (c)(a)

(e) (f)(d)

(h) (i)(g)

Fig. 3 Electron density of states at interface between substrate metal and liquid metal
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(k) (l)(j)

(n) (o)(m)

Fig. 3 (continued)

increasing atomic number. These electronic states of the substrate metal calculated
in this study resemble those generated using band calculation [7–14]. The electronic
state of the interface may also be represented by a small cluster model.

The main components of the indium, bismuth, and tin liquid metals are the s-
and p-orbitals. Therefore, the components of the s- and p-orbitals of the liquid metal
exist near the Fermi level. The shape of the electron density of states of the liquid
metal remains constant irrespective of the kind of the substrate metal. The electron
state of the liquid metal is assumed not to change considerably with a change in the
substrate metal.

According to these results regarding the electron density of states, because the
d-orbital component of the substrate metal and the s- and p-orbital components of
the liquid metal exist near the Fermi level, their interactions are expected to affect
the atomic interaction at the interface.
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(b)(a)

Fig. 4 Bond order of a substrate metal bcc Fe and b substrate metal fcc Fe

Bond Order

The bond order is a parameter showing the overlapping of the electron clouds between
atoms. Therefore, this is a measure of the strength of the covalent bond between
atoms.

The bond order calculated at the interface between the Fe substrate metal and the
In, Sn, and Bi liquid metal are shown in Fig. 4a and b. Figure 4a shows the case
where the substrate metal is bcc Fe, and Fig. 4b depicts the case where the substrate
metal is fcc Fe. The horizontal axis denotes the kind of liquid metal. The vertical
axis denotes the magnitude of the bond order. In these figures, Fe(C)–Fe(1) is the
bond order between the centered Fe atom and the first-nearest-neighbor Fe atoms.
Fe(C)–LM(1) is the bond order between the centered Fe atom and the first-nearest-
neighbor liquid metal atom. Between Fig. 4a and b, there is a clear difference in
Fe(C)–Fe(1) and Fe(C)–Fe(2). The Fe(C)–Fe(1) for fcc Fe is larger than that for
bcc Fe. On the contrary, the Fe(C)–Fe(2) for fcc Fe is smaller than that for bcc Fe.
The cause is the difference in the numbers of the nearest-neighbor atoms. In the
case of fcc Fe (bcc Fe), there are nine (six) first-nearest-neighbor atoms and three
(four) second-nearest-neighbor atoms. This result implies a need to normalize the
number of bonding pairs considering the atomic interactions at the interface. On
the contrary, the Fe(C)–LM(1) bond is not affected by the differences in crystal
structures. It became clear from these figures the crystal structure affected the bond
order.

The bond order between the substrate metal atom and the liquid metal atom at the
interface (hereinafter calledM–LMbond) and that between the substratemetal atoms
(hereinafter called M–M bond) are shown in Fig. 5a and b, respectively. Each M–M
bond is normalized with diatomic molecules using Eq. (1) or (2). The horizontal axis
denotes the kind of substrate metal. In these figures, Fe(b) and Fe(f) mean bcc Fe
and fcc Fe, respectively, which have different crystal structures. The vertical axis
denotes the magnitude of the bond order.
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(b)(a)

Fig. 5 a Bond order between substrate metal and liquid metal and b bond order between substrate
metals

When the crystal structure of the substrate metal is fcc or hcp,

Bo(M − M) = 1

9
× (M(C)− M(1)bond)+ 1

3
× (M(C)− M(2)bond). (1)

When the crystal structure of the substrate metal is bcc,

Bo(M − M) = 1

6
× (M(C)− M(1)bond)+ 1

4
× (M(C)− M(2)bond). (2)

These results indicate that the M–LM bond changes largely by the kinds of the
substrate and liquid metals. In particular, Fig. 5a shows that the kind of liquid metal
affects the M–LM bond largely. This means the wettability can be modified even if
the composition of the low melting temperature alloy is slightly different. On the
contrary, there is almost no change in the M–M bond with the kind of the liquid
metal, as shown in Fig. 5b. The kind of the liquid metal is not expected to affect the
M–M bond. These results imply that the M–LM bond more significantly affects the
wettability than does theM–Mbond. The average value of the bond order for U-alloy
60 is defined using its component, as shown in Eqs. (3) and (4). The component used
is mol% in place of mass%. The bond orders of the M–M and M–LM bonds for
U-alloy 60 are shown in Fig. 6.

Bo(M − M)U−alloy60 = 0.06 × Bo(M − M)I n + 0.21 × Bo(M − M)Bi

+ 0.19 × Bo(M − M)Sn (3)

Bo(M − LM)U−allov60 = 0.60 × Bo(M − LM)I n + 0.21 × Bo(M − LM)Bi

+ 0.19 × Bo(M − LM)Sn (4)

The magnitude of change of the M–LM bond is smaller than that of the M–M
bond. The M–M bond of the 3d transition substrate metal is smaller than the M–LM
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Fig. 6 Bond order of M–M
bond and M–LM bond for
U-alloy 60

bond except for Fe(b). On the contrary, the M–M bond of the 4d transition substrate
metal is larger than the M–LM bond. Thus, the atomic bond of the interface is more
complex. These findings indicate that these new two parameters, M–LM and M–M
bonds, can be used to evaluate wettability theoretically.

Conclusion

The electronic structures of the interface were calculated using the DV-Xα cluster
method, which is amolecular orbital calculation, to understand thewettability of pure
metal with a low melting temperature. Results showed that the kind of liquid metal
affects the bond order between the substrate metal atom and the liquid metal atom at
the interface. However, it does not affect the bond order between the substrate metal
atoms. New parameters (bond orders) for understanding wettability were obtained
from these calculation results.
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Influence of pH Regulating Additives
on the Performance of Granite
Waste-Based Paints
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José Carlos Lopes Ribeiro, and Gustavo Henrique Nalon

Abstract The production of paints containing waste from granite processing has
been studied as an alternative pathway to sustainable development. However, the
low stabilization of polyvinyl acetate resin (PVA) due to the basic pH of the waste is
a limitation of these paints. Therefore, the aim of this study is to evaluate the influence
of pH regulating additives on the performance of PVA latex paints based on granite
waste. The waste was characterized physically, chemically, and morphologically.
Two pH-regulating additives (citric acid and sulfuric acid) were tested, considering
different proportions of waste and resin used to produce the paints. The pH was
adjusted to the range of 4.5–5.5. Experimental tests were carried out to determine
the hiding power of the dry paint and the resistance to wet abrasion without abrasive
paste. Paints produced with sulfuric acid showed better performance, as the additive
positively influenced the abrasion resistance and did not significantly affect the hiding
power of the paints. These results show that the granite waste has potential to be used
in the manufacture of paints.
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Introduction

The granite ornamental stone processing industry is responsible for the generation of
large amounts of waste around the world, and the volume of this material is expected
to increase continuously [1, 2]. In this context, professionals from different areas
of knowledge have investigated possible solutions to minimize the environmental
impacts caused by the disposal of this waste in landfills.

A new alternative is the use of granite waste as an inert pigment of paints for civil
construction. Thus, it would be possible to reduce the amount of waste deposited in
the environment and design a more sustainable and cheaper product to replace those
traditionally used.

However, experimental tests performed by Lopes et al. [3] showed a negative
interaction between the granite waste and the polyvinyl acetate resin (PVA). This
negative interaction is probably associated with the basic pH of granite waste. Under
alkaline conditions, PVA presents a low hydrolytic stability, impairing its binding
properties [4].

In the paint industry, the use of pH regulating additives is a common practice to
improve product performance. Cheng et al. [5], Croll and Taylor [6], and Godinez
and Darnault [7] studied the influence of pH on the characteristics and properties of
calcium carbonate pigments, titanium dioxide, and nano-titanium dioxide, respec-
tively. In addition, Dillon et al. [8] studied the influence of pH on the performance
of acrylic paints.

In this context, the objective of this work was to study the influence of pH on the
hiding power and abrasion resistance of PVA latex paints based on granite waste.
This study compared the performance of paints produced with granite waste without
any special treatment with the performance of paints produced with granite waste
and pH regulating additives.

Materials and Methods

Materials

In this work, granite waste was used as pigment, water as solvent, and PVA as binder
of paints for civil construction.Moreover, two different pH-regulating additives were
investigated: citrate buffer and sulfuric acid.

The granite waste was submitted to an initial treatment of deagglomeration and
mechanical dispersion of particles in aqueous medium, using a Cowles disc coupled
to a mechanical stirrer, at a speed of 1500 rpm, for 30 min. Then, sieving was
performed in a wet medium, using an ASTM 80 mesh sieve (opening of 0.177 mm),
as suggested by Cardoso et al. [9].
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The water had a specific mass of 1.00 g/cm3 and pH between 6.0 and 7.0. The
resin presented a density of 1.05 g/cm3, a pH in the range of 4.0–5.0, and a solids
content of 50%.

The pH regulating additives used in this study were a citrate buffer solution
obtained from citric acid (CA) and pH adjustment with sodium hydroxide, and an
aqueous solution of sulfuric acid.

Characterization of Granite Waste

Thegranitewastewas characterized after being submitted to disaggregation,mechan-
ical dispersion, and sieving. A physical characterization was carried out based on
tests for determination of particle size distribution [10]; particle density [11]; and
specific surface area by the BET method (Brunauer, Emmett, and Teller), using a
Quantachrome NOVA equipment and nitrogen adsorption. Chemical characteriza-
tion was developed based on the determination of pH of the materials [11]; and
X-ray Fluorescence (XRF), using a Shimadzu EDX-700 equipment. For morpholog-
ical characterization, scanning electron microscopy (SEM) was performed, using a
Leo 1430VP equipment.

Preparation of Paints

The experimentalmodel used in this studywas the experimental planningofmixtures.
The independent variables of the planning were the granite waste content with vari-
ations from 60 to 80%, and the resin content, ranging from 20 to 40% (considering
the total resin system, i.e., both volatile and non-volatile fractions). These ranges of
variation were defined based on pigment and resin contents of the commercial PVA
latex paints studied by Silva and Uemoto [12]. Furthermore, these ranges are in line
with the PVC (pigment volume concentration) values expected for an economical
matte paint, with variations of approximately 55–80%.

The amount of water added to each mixture was defined to keep the viscosity
within a constant range that ensures good practical application of the paint. Results
of a series of preliminary tests indicated that the kinematic viscosity considered ideal
for practical application of the paints corresponds to a flow time of 12± 1 s,measured
by a Ford cup viscometer with orifice number 4 [13].

Finally, the amount of citrate buffer solution or aqueous sulfuric acid solution
(H2SO4) added to each mixture was determined based on the content needed to
maintain the pH in the range of 4.5–5.5. This pH range was selected according to
recommendations of Yamak [14], who verified that the optimum pH for polyvinyl
acetate emulsions is included in this range.

The amounts of citric acid and sodium hydroxide used to prepare the citrate buffer
were obtained from Eqs. 1 and 2. These equations defined relationships between the
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mass of granite waste, the volume of water, and the masses of citric acid and sodium
hydroxide necessary for keeping the pH of the solution within the defined range. The
equations were defined based on the calculation of the force of the plug described by
Oliveira [15], considering the acid–base effects associated with the resin. This calcu-
lation was performed based on results obtained from the potentiometric titrations of
the water, granite waste, and sodium hydroxide (NaOH) system, using hydrochloric
acid (HCl) at different concentrations. Aqueous solution of sulfuric acid (H2SO4)
at 1.8 mol/L was added to the paint until the pH of the mixture was within the
recommended range.

Citric acid mass (g) = 0.116 × Granite wastemass (g) × Water volume (mL)
(1)

NaOH mass (g) = 0.34× citric acid mass (g) (2)

To produce the paints, granite waste pigments dispersed in water were mixed with
the PVA, according to the previously defined proportions. The Cowles disc coupled
to a mechanical agitator was used to ensure suitable mixture for 10 min at a speed of
500 rpm. In series containing citrate buffer solution, this additive was added to the
mixture before the addition of the PVA, in amounts defined by Eqs. 1 and 2. In series
containing aqueous solution of sulfuric acid, this additive was added to the mixture
after the addition of the PVA.

Then, the viscosity of the paint was measured with a Ford cup viscometer with
orifice number 4. When necessary, viscosity correction was carried out, based on the
addition of one or more components to the mixture, followed by stirring and a new
measurement of viscosity. This process was repeated until obtaining a flow time of
12±1 s. It is noteworthy that such corrections always respected the proportions of
granite waste and resin, as well as Eqs. 1 and 2.

The final formulations of each paint sample are shown in Table 1, as well as their
mean flow time and PVC. PVC was obtained by the ratio between the volume of
pigments (active and inert) and the total volume of solids in the dry film [16]. The
experiment was reproduced three times. The first experiment consisted of reference
paints containing granite waste (GWP). The second one was composed of paints
containing granite waste and citrate buffer (GWP+CB). The third one was composed
of paints containing granite waste and sulfuric acid (GWP+SA).

Characterization of the paint samples was carried out, based on the determination
of their solids content [17] and the measurement of their pHwith a pHmeter Digimed
model DM-23. In addition, images of the paint films were performed using the Leo
1430VP scanning electron microscope.
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Performance of Paints

Testswere carried out to determine the hiding power of dry paint and resistance towet
abrasion without abrasive paste, based on the requirements of Brazilian standards.

The hiding power of dry paint was determined based on the methodology of
ABNT NBR 14942 [18]. This parameter is calculated as the maximum applied area
(m2) per unit of paint volume (L) so that the coverage has a contrast ratio of 98.5%.
The contrast ratio is the ratio between the reflectance values measured on the black
part and the white part of the test chart.

The resistance to wet abrasion without abrasive paste was determined according
to ABNT NBR 15078 [19]. This parameter is calculated as the number of cycles that
a paint film is able to withstand up to the wear of at least 80% of the area covered
by the brush.

The desirability statistical function was used to determine the proportions of the
components that optimize the performance properties. The target values were 4 m2/L
for the hiding power of dry paint and 100 cycles for the resistance to wet abrasion
without abrasive paste, as required by ABNT NBR 15079-1 [20], for the category
of economical paints. Thus, an individual desirability value was calculated for each
response variable, ranging from 0 (unacceptable value) to 1 (most desirable value).
After that, the total desirability value was calculated as the simple geometric mean
of the individual desirability values. The ideal proportion of components is the one
whose total desirability value is closer to one [21].

Results and Discussion

Characterization of Granite Waste

Table 2 shows the results of the physical characterization and pHof thewaste. Particle
size influences paint properties in wet and dry state. The finer the particle size of
the pigments, the better the product’s performance, especially with regard to optical
properties [22].

XRF results are shown in Table 3. It is observed that the granite waste is mainly
composed of SiO2. Silica is one of the materials commonly used in the paint industry
as an inert pigment, in order to improve the performance and durability of the product.

Table 2 Physical characterization of pigments

Pigment Particle
density
(g/cm3)

Specific
surface
(m2/g)

Granulometry (%) Average
diameter
(µm)

pH

Similar to
clay

Similar to
silte

Similar to
thin sand

Granite
waste

2.56 4.42 13.1 73.1 13.8 10 8.00
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Table 3 XRF results of pigments

Pigment SiO2 Al2O3 K2O Na2O Fe2O3 Others

Granite waste 73.35 16.09 6.47 1.83 0.54 1.74

Fig. 1 SEM of granite waste
particles (Mag = 5000 X)

Regarding the morphological characterization, granite waste (Fig. 1) is a material
with varied diameter distribution, since its particles present irregular morphology
and angular corners. The shape and size of the particles affect their packaging and,
consequently, the properties of the paint film [22].

Characterization and Performance of Paints

Table 4 shows the characterization results, i.e., solids content (SC) and pH of the
paints produced in all experimental programs. It also shows their performance results,
i.e., hiding power (HP) and abrasion resistance (AR). Desirability values (DSJ) for
each sample are also presented.

Regarding the solids content (SC), it is observed that samples with the same
percentage of resin and waste of the GWP, GWP+CB, and GWP+SA experiments
have very similar SC values. It is attributed to the fact that the presence of the citrate
buffer solution and the aqueous sulfuric acid solution did not change the amount
of water needed to maintain the kinematic viscosity within the defined working
range. Furthermore, it is observed that the higher the PVC, the higher the SC, as
the amount of pigments is the factor that causes the highest impact to the solids
content. According to Silva and Uemoto [12], the solids content of PVA latex paints
available in the market ranges from 35.6 to 52%. One can notice that the SC of GWP,
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Table 4 Characteristics and properties of paints

Paint Sample PVC SC (%) pH HP (m2/l) AR (cycles) DSJ

GWP 1 76.6 53.57 7.25 6.54 38.50 0.61

2 71.1 50.46 7.19 5.05 53.30 0.74

3 65.7 49.14 7.15 3.92 74.30 0.85

4 60.4 45.82 7.03 2.75 83.70 0.79

5 55.2 43.34 6.94 1.76 107.70 0.64

GWP+CB 1 76.6 54.70 4.87 5.61 33.33 0.59

2 71.1 52.09 4.85 5.08 40.00 0.62

3 65.7 49.76 4.93 2.87 44.00 0.62

4 60.4 47.24 4.95 2.24 48.67 0.54

5 55.2 45.21 4.85 1.78 49.83 0.43

GWP+SA 1 76.6 53.92 5.14 5.27 69.50 0.84

2 71.1 51.84 5.16 4.42 93.83 0.97

3 65.7 49.09 5.12 2.99 120.17 0.89

4 60.4 46.43 5.05 1.79 146.17 0.74

5 55.2 44.45 5.00 1.54 166.83 0.54

GWP+CB, and GWP+SA paints ranges from 43 to 55%, which is very similar to
that of commercial paints.

Data concerning the pH of the paints indicated that GWP had a pH in the range
of 6.9–7.3. Moreover, the higher the percentage of resin, the lower the pH, as the
resin has a more acidic pH (pH between 4 and 5) in relation to the waste (pH = 8).
In GWP+CB and GWP+SA, the pH was adjusted to the optimal pH range for the
PVA, i.e., pH values close to 5.00, according to Yamak [14].

Regarding the hiding power (HP), GWP+CB and GWP+SA showed a reduction
in the hiding power, when compared to GWP. It possibly happened because the
addition of sulfuric acid or citric acid favored the dissolution of the smaller particles
of granite waste. This phenomenon is related to Bronsted’s acid–base processes and
chemical kinematics, and can be experimentally proven by comparing Fig. 2a–c. In
these SEM images, it is possible to observe a decrease in the number of smaller
particles in paints with the addition of acids.

ABNT NBR 15079-1 [20] prescribes those economic paints must have a
minimum hiding power of 4 m2/L. GWP, GWP+CB, and GWP+SAmet the standard
specifications only in formulations with PVC greater than 65%.

Regarding the abrasion resistance (AR), the best abrasiveness results were
obtained in the case of GWP+SA, whereas the worst results were observed in
GWP+CB. All these results are probably related to the adsorption of citrate, acetate
(generated due to the hydrolysis of the polyvinyl acetate polymer and its natural
degradation), and sulfate ions on the surface of granite waste pigments (linked to
silicon and aluminum content groups). Such adsorption phenomena, mainly the one
of citrate ions, was also reported by Lackovic et al. [23], and Mudunkotuwa and
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(b) (c)(a)

Fig. 2 SEM of paint films based on granite waste (Mag= 5000 X): a GWP sample 1; bGWP+CB
sample 1; c GWP+SA sample 1

Grassian [24], considering particles of titanium dioxide, iron oxide, and aluminum
oxide.

In the case of GWP+CB, the unsatisfactory abrasiveness results may be related
to the presence of significant amounts of citrate ions (with 1-, 2-, and 3-charges)
in a medium with pH between 4.5 and 5.5 [15]. These species, especially fully
deprotonated citrate (with a 3-charge), may have be adsorbed on the granite waste
particles, whichmust be positively charged in this pH range. The adsorption of citrate
ions seems to have altered the adhesion between the waste particles and the resin,
causing a decrease in the ability of PVA to bind pigments. In GWP samples, the
positive surface charge is lower, due to the higher pH values (in the range of 7.0).
Moreover, the effects of the adsorbed acetate ions should be less intense than those
of citrate ions, as they lead to lower entropy increases. In the case of GWP+SA
samples, the amount of acetate ions in pH close to 5.0 is about 50% smaller than
in pH values above 5.0, which is the case with GWP. Thus, there is less adsorption
of these anions on the pigment particles, which explains the high values of AR in
GWP+SA samples.

ABNTNBR15079-1 [20] prescribes those economic paintsmust have aminimum
abrasion resistance of 100 cycles. The best AR results were observed in GWP+SA,
since samples of this series met the standard specification in almost the entire range
investigated in this research, i.e., in formulations with PVC below 70%. On the other
hand, GWP reached AR values greater than 100 cycles only when the PVC was
lower than 55%. Finally, GWP+CB presented the worst AR results, since GWP+CB
samples did not meet the normative specification.

The desirability statistical parameters (Fig. 3) indicated that although the hiding
power and abrasion resistance had an antagonistic effect, some formulations
presented desirability values very close to 1.00. This means that the paints produced
from these formulations simultaneously meet the hiding power and abrasion resis-
tance requirements defined by ABNT NBR 15079-1 [20]. According to Fig. 3, the
best formulation was GWP+SA with PVC close to 70%. This composition has a
hiding power of 4.00 m2/l and abrasion resistance of 99.77 cycles so that its desir-
ability was close to 1.00. In the GWP and GWP+CB cases, none of the formulations
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Fig. 3 Desirability (DSJ) of
the paints produced in this
research

satisfied the minimum standard requirements. The best GWP formulation was veri-
fied in PVC close to 65%. In this formulation, the hiding power was 4.00 m2/l and
abrasion resistance was 71.56 cycles, resulting in a desirability of 0.85. Finally, the
best GWP+CB formulation presented PVC close to 68%, which provided a hiding
power of 4.00 m2/l and an abrasion resistance of 41.23 cycles (desirability equal to
0.64). Therefore, the best paint formulations of all cases studied in this research do
not present problems regarding opacity.

Conclusions

This study was carried out to explore the effect of pH on the performance of PVA
latex paints containing granite waste. The results of the experimental tests provided
the following conclusions:

• One of the alternatives for regulating the pH in the 4.5–5.5 range was the use
of a citrate buffer solution. The use of this buffer in PVA latex paints containing
granite waste impaired the abrasion resistance of the product, since the citrate ions
were adsorbed on the surface of the pigments, possibly impairing their adhesion
with the resin.

• Another alternative to regulate the pH in the mentioned range was the use of an
aqueous solution of sulfuric acid at 1.8 mol/L. The use of this solution in PVA
latex paints containing granite waste impaired the hiding power, but significantly
increased the abrasion resistance. It was attributed to the greater stability of the
PVA, as the pH of the solution was close to 5.0.

• According to the statistical desirability function, paints with aqueous solution of
sulfuric acid that have PVC close to 70% meet Brazilian specifications of the
economic paints category.
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• The results of thiswork showed that the addition of certain pH regulating additives,
such as sulfuric acid, improved the performance of PVA latex paints containing
granite waste pigments.
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Influence of the Sand Content
on the Physical and Mechanical
Properties of Metakaolin-Based
Geopolymer Mortars

Igor Klaus R. Andrade, Beatryz C. Mendes, Leonardo G. Pedroti,
Carlos M. F. Vieira, and J. M. Franco de Carvalho

Abstract Metakaolin is a naturally occurring calcined clay rich in aluminosili-
cates, and for this reason it is one of the most used precursors in the geopolymers’
production. This work evaluates the influence of the sand content on the physical
and mechanical properties of metakaolin-based geopolymer mortars, using sodium
hydroxide solution with a concentration of 10 mol/L, thermal curing at 50 °C, and
solution/precursor ratio of 0.90± 0.08. The cylindrical and prismatic specimenswere
tested in flexural strength (1.6–4.7 MPa), compressive strength (2.3–7.4 MPa), bulk
density (1.66–2.01 g/cm3), voids content (22.0–40.1%), and water absorption (12.3–
30.7%). The addition of sand in the studied contents collaborated to a more compact
and less porous composite formation, presenting better physical and mechanical
performances. The 1:2 ratio (metakaolin:sand), when compared to the composite
without sand,more than doubled the compressive strength of themortars and reduced
the porosity from 28.6 to 18.0%.

Keywords Geopolymer · Geopolymeric mortar ·Metakaolin · Sand content

Introduction

Over the years, Portland cement has reachedhigh consumption levels,with an average
global production of 4.1 billion tons in 2019 [1]. Knowing the limitations of such
material regarding its sustainability and durability, it is necessary to seek the develop-
ment of new binders, such as the use of geopolymers based on industrial by-products
[2, 3].

I. K. R. Andrade (B) · B. C. Mendes · L. G. Pedroti · J. M. F. de Carvalho
DEC–Civil Engineering Department, UFV–Federal University of Viçosa, Av. Peter Rolfs, s/n,
Campus Universitário, Viçosa 36570-000, Brazil
e-mail: igor.klaus@ufv.br

C. M. F. Vieira
LAMAV–Advanced Materials Laboratory, UENF-State University of the Northern Rio de Janeiro,
Av. Alberto Lamego, 2000, Campos dos Goytacazes 28013-602, Brazil

© The Minerals, Metals & Materials Society 2022
M. Zhang et al. (eds.), Characterization of Minerals, Metals, and Materials 2022,
The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92373-0_37

381

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92373-0_37&domain=pdf
mailto:igor.klaus@ufv.br
https://doi.org/10.1007/978-3-030-92373-0_37


382 I. K. R. Andrade et al.

Extensively studied in recent decades, the dosage of geopolymeric pastes and
mortars using industrial by-products is an area still under consolidation. It is neces-
sary to understand the best raw material processing conditions, dosing parameters,
mixing, and curing to obtain the geopolymer matrix with the desired performance.

The production of geopolymers (materials with low calcium content) has explored
several materials, with metakaolin being one of the most common in studies carried
out [4–11]. Metakaolin is a naturally occurring calcined clay, also used as a primary
source of aluminosilicate, and can be mixed with most industrial slag or used alone
as a binding material [12].

Studies on the production of geopolymer mortars based on metakaolin found that
the sand addition in some proportions reduces shrinkage and the formation of micro-
cracks, reduces porosity, and increases the hardness and strength of the composites.
Rashad, Hassan, and Zeedan [13] evaluated that the increment of quartz powder to
geopolymers produced with metakaolin improved the paste workability and, despite
increasing weight loss after heating, that increment promoted compressive strength
gains before and after exposure to high temperatures, that is, increased residual
resistance in post-fire situations.

Producing geopolymers with metakaolin, sodium silicate, and quartz sand of
various particle sizes, Wan et al. [14] noticed that the quartz particles associ-
ated and involved by the geopolymer gel increased the mechanical strength of the
geopolymers, working as an inert filling material, reaching approximately 5 MPa in
compression, with the use of sand particles between 75 and 32 μm.

Autef et al. [15] produced geopolymers with metakaolin, adding different propor-
tions of silica fume and unrefined crystallized quartz, and verified that the formed
network depends on the nature of the silica source used. However, the polyconden-
sation that leads to the formation of the geopolymer was dominant for mixtures with
lower quartz contents, occurring a competition between the species in solution and
the quartz, which is physically opposed to the polycondensation reaction.

In this sense, the ideal sand content for the production of geopolymers is the
one that leads to the best filling of the matrix without compromising the geopoly-
merization reactions. In other words, a sand content that does not excessively limit
the availability of reactive aluminosilicates or physically opposes the solubilized
aluminosilicate species leaching.

Thus, this study aims to produce geopolymer mortars with low calcium content
(geopolymers), based on metakaolin, using four different sand contents to observe
the effect of increasing this content on the mechanical and physical properties of
formed composites.

Materials and Methods

The geopolymeric mortars were produced with commercial metakaolin as a
precursor, sand from the Piranga River (Minas Gerais, Brazil) with a particle size of
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less than 2 mm (ASTM 10 mesh sieve), and a 10 mol/L sodium hydroxide solution
(PASigma Aldrich, 99% purity).

The mineralogical composition was determined by X-ray diffractometry (Rigaku
equipment, 2θ ranging from 3° to 70°, Co-Kα radiation (λ = 1.789 Å), scan speed
0.119366°/s, and size of the step 0.0167113°). In addition, characterization tests
determined the specific mass (2.61 g/cm3) and specific area (1478.26 m2/kg) of
metakaolin.

The composites were produced in different mixes by mass, as shown in Table 1,
to evaluate the sand content effect in metakaolin-based geopolymer mortars. With
preliminary studies, the range at 0.90 ± 0.10 for the solution/metakaolin ratio was
determined to obtain consistencies that would allow the adequate molding of the
specimens.

The production steps were:

• Preparation of the NaOH solution in distilled water 24 h before the geopolymers
production;

• Manual mixing of precursors and solution (1 min);
• Mechanical mixing of the paste at low speed (2 min);
• Removal of paste adhered to the surface of the vat (1 min);
• Mechanical mixing with the slow and gradual addition of sand at low speed (2

min);
• Removal of paste adhered to the surface of the vat (1 min);
• Mechanical mixing at high speed (2 min);
• Measurement of material consistency;
• Mechanical mixing at high speed (1 min);
• Filling of molds in a single layer and densification on a vibrating table for 30 s;
• Coating of molds with plastic film to prevent water evaporation;
• The specimen sealed in the plastic film was subjected to curing at room temper-

ature for 24 h, demolding and thermal curing at 50 ºC for 24 h, and curing in a
humid chamber at room temperature until the test day.

For each mixture, four prismatic specimens with dimensions of (20 × 20 × 80)
mm and six cylindrical samples with dimensions (Ø35 × 35) mm were molded
(Fig. 1a, b). Prismatic specimens were made of acrylic molds and the cylindrical
samples in PVC molds, using vegetable oil as a release agent.

Table 1 Dosage of mixtures ID M:S S:M

T120 1:2 0.97

T115 1:1.5 0.98

T110 1:1 0.88

T100 1:0 0.83

Abbreviations:
M:S – Metakaolin: Sand, by mass;
S:M – Solution: Metakaolin, by mass;
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Fig. 1 Produced specimens and mechanical tests. a Prismatic specimens; b Cylindrical speci-
mens; c Flexural strength test; d Compressive strength test

The mortars produced had their bulk density measured and were tested at 07
and 28 days for compressive strength and flexural strength (Fig. 1c, d) based on
ABNT NBR 13,279 [16]. At 28 days, they were also tested for water absorption by
immersion based on ABNT NBR 9778 [17].

Analyzes of variance were used to evaluate the precision of the values measured
by the coefficients of variation and the statistical differences by the p-values of the
ANOVA tables and using the Duncan’s test to compare the means.

Results and Discussion

Figure 2 shows the mineralogical composition of metakaolin with only quartz peaks.
It appears that there is no residual kaolinite after the industrial heat treatment is
applied and that the material obtained favors the geopolymerization process since
the unstable phase allows the material to dissolve in an alkaline medium.

Fig. 2 Metakaolin XRD
patterns (Q, quartz)
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Table 2 Chemical composition of metakaolin (wt.%)

Oxide SiO2 Al2O3 CaO MgO Fe2O3 TiO2 SO3 K2O Na2O Others

% 48.24 33.23 0.10 1.56 3.22 1.21 0.02 0.61 1.17 10.64

Table 2 shows the chemical composition of metakaolin. It is predominantly
composed of silica (SiO2) and alumina (Al2O3), the most common oxides that form
metakaolinite and are necessary for the effectiveness of alkaline activation. Studies
carried out indicate that the presence of iron oxide (Fe2O3) can inhibit geopolymer-
ization reactions by replacing Al3+ ions with Fe3+ ions [18] and, therefore, must
be controlled. However, the Fe2O3 content found is compatible with that expected
for metakaolin [19]. Furthermore, the low presence of calcium oxide (CaO) allows
characterizing the material produced as a geopolymer [20].

The physical and mechanical tests results were graphically compiled and
presented in Fig. 3. The analysis of variance was performed, and the coefficients
of variation were less than 10% for all tests, demonstrating a high precision of the
values measured in the experiment. ANOVA table p-values were less than 5% in
all trials. Tables 3 and 4 are present Duncan’s test for multiple comparisons, and
the letters “a, b, c, d” represent the results in descending order, and whose mixtures
followed by equal letters do not differ statistically from each other.

The differences between the traces are significant for bulk density at 07 days,
absorption and void content at 28 days. At 28 days, the bulk density of the mix T115
and T110 do not differ statistically. However, when analyzed together with the water
absorption and void content results, there is an advantage in higher sand contents
since the composites show a more compact and less porous configuration.

Kuenzel et al. [21] used silicate and sodium hydroxide to activate metakaolin
mixtures with 0,10, 30, and 60% of silica sand and noticed an increase in density
with an increase in the sand content (2.31 to 2 0.57 g/cm3). This increase in bulk
density of approximately 11% with the increment of 60% of sand is in line with
the results obtained in the matrices produced in this study, in which an increment of
100% sand (T110) increased the density by approximately 17% at 28 days.

As for the strengths, it was observed that the T120 and T115 mixes do not differ
statistically, as well as the T110 and T100 admixtures. This evaluation allows the use
of a more economical trace if the desired water absorption parameters are observed.
An example is using a mortar with the greatest possible strength whose the desired
water absorption is between 10 and 15%. Analyzing the absorption range, one could
opt for the T120 or T115 mortar, and as the resistance results are statistically equal
for these mixes, the choice falls on the economic criterion, and the mixture that will
generate the lowest cost can be adopted.

Furthermore, we can observe that the results obtained are similar to
the performance of conventional mixed mortars of cement, lime, and sand.
Gołaszewska et al. [22] produced several 1:0.5:9 mix mortars (cement: lime:
sand) and obtained bulk density, flexural strength, and compressive strength of
approximately 2.01 g/cm3, 2.2 MPa, and 9.6 MPa, respectively.
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Fig. 3 Physical and mechanical tests results. a Flexural strength; b Compressive strength; cWater
absorption and void content; d Bulk density

Table 3 Duncan’s test
results for samples at 07 days

Bulk density Flexural strength Compressive strength

T120 a T115 a T115 a

T115 b T120 a T120 a

T110 c T100 b T100 a

T100 d T110 b T110 b

The addition of 200% sand (T120) more than doubled the compressive strength of
the mortar and reduced the porosity from 28.6 to 18.0%. Buchwald et al. [23] found
similar behaviors with using a sodium hydroxide solution (approximately 8 mol/L)
and metakaolin showed that the additions of 20% of quartz reduced the porosity
(from about 52 to 44%) and provided greater compressive strength (from 8 MPa
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Table 4 Duncan’s test results for samples at 28 days

Bulk density Flexural strength Compressive strength Water absorption Void Content

T120 a T120 a T120 a T100 a T100 a

T115 b T115 a T115 a T110 b T110 b

T110 b T100 b T100 b T115 c T115 c

T100 c T110 b T110 b T120 d T120 d

to about 11 MPa). Kuenzel et al. [21] found a variation in compressive strength
between 4 and 40 MPa as the sand content increased and the amount of water in
the mixture decreased. According to the authors, this is due to the strengthening that
the sand particle generates to the geopolymer matrix (making it more effective for
additions greater than 25% in volume) and the consequent reduction in the porosity
of composites.

The solution/precursor ratio used presents a variation of less than 10% between
the mixes, in this sense, it is assumed that the molar ratios of SiO2 /Al2O3,
Na2O/Al2O3, Na2O/SiO2 did not vary enough to generate significant changes in
the composite, as they would promote similar alkaline conditions for geopolymer
development. As the curing conditions were also standardized, the differences found
in the tests are mainly due to the added sand content.

For the successful reactions of low calcium content systems (geopolymers), more
aggressive conditions such as high alkalinity and thermal curing are needed [24, 25].
The thermal curing at 50 °C for 24 h (after a day of curing at room temperature)
was positive for allowing an adequate demolding procedure and providing favorable
conditions for polycondensation of aluminosilicates.

Thermal curing associated with the composition of rawmaterials did not generate
visible disturbances due to excessive acceleration of reactions (such as non-hardening
of the mixture, excessive expansion, or shrinkage). The specimens showed no
apparent degradation such as cracks and efflorescence,maintained their integrity until
the days tested, and showed resistance progression from 07 to 28 days, indicating
the continuity of geopolymerization reactions.

Conclusions

This study observed the sand content effect on themechanical and physical properties
of composites from the alkali activation of metakaolin through the production of
geopolymeric mortars using four different sand contents. Based on the results and
discussions carried out, the following conclusions are presented:

• The solution/precursor ratio of 0.90± 0.08 provided goodworkability conditions,
allowing for adequate molding.
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• The differences between all mixtures regarding water absorption and void content
are significant and indicated that the sand increment in the studied contents
reduced the mortar’s porosity.

• Comparing the T120 mortar and T100 paste, the sand increment increased the
bulk density and tensile strengths in bending and compressive strength. In other
words, the addition of sand in the studied contents tends to contribute to the
formation of a more compact and less porous composite, and consequently, with
better mechanical performance.

• Metakaolin-based geopolymer mortars showed results very similar to the usual
ones for mixed cement, lime, and sand mortars. Thus, this material shows excel-
lent potential for use when analyzed under the mechanical strength and physical
behavior parameters.
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Mechanical and Microstructural
Evaluation of Eco-Friendly Geopolymer
Produced from Chamotte and Waste
Glass

Beatryz Mendes, Leonardo Pedroti, José Maria Carvalho,
Carlos Maurício Vieira, Igor Klaus Andrade, and Pedro Henrique Drumond

Abstract Geopolymers have been widely studied due to their potential to replace
Portland cement. These materials are considered less aggressive to the environment
because of the lower emission of carbon dioxide. In order to make the product
more sustainable and solve the problem of incorrect disposal of solid wastes, the
purpose of this work was the evaluation of alkali-activated pastes produced from
chamotte and waste glass. Four types of sodium hydroxide (NaOH) solutions with
molar concentration of 8 mol/L were prepared, with the addition of 0, 5, 10, and 15 g
of waste glass per 100 ml of NaOH solution. Flexural and compressive strength tests
were performed, as well as the microstructural analysis. The results showed that the
waste glass improved the mechanical strength of the geopolymer. It can be applied
as an alternative activator, acting as an extra source of soluble silica.

Keywords Geopolymer · Industrial wastes · Sustainability · Chamotte ·Waste
glass

Introduction

Alkali-activated binders have been widely studied around the world, especially in
the last few decades [1–3]. These materials were developed as an alternative for
replacement of Portland cement, applied in concretes,mortars, and pastes. The alkali-
activated binders are considered less aggressive from the environmental point of
view, due to the lower emission of CO2 than the Portland cement industry [4, 5].
Furthermore, they demonstrate suitable mechanical characteristics and durability,
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such as high resistance to heat. That fact has motivated several researchers to develop
technological studies about this new class of material [6, 7].

According to Samarakoon et al. [8], there is a subgroup within the alkali-activated
binder class, the geopolymer group. They consist of tridimensional aluminosilicates
synthetized by an alkaline solution with high concentration (hydroxides or silicates).
The precursors are materials rich in Si and Al, with low or zero content of calcium.
Calcined clays (i.e. metakaolin), fly ashes, and mining tailings with high percent-
ages of SiO2 and Al2O3 can be used as raw materials [9]. The geopolymerization
products are tridimensional silicoaluminates structures (N-A-S–H gel type, being N
the alkaline cation). From the chemical point of view, geopolymers are also desig-
nated as poly(sialates), being sialate the abbreviation of silicon-oxo-aluminates. The
crystalline poly(sialates) have structures similar to the zeolites, which are minerals
formed by the alteration of pozzolanic rocks [10, 11].

Industrial by-products have been applied as precursors or activators in the produc-
tion of geopolymers, in order to make the material more sustainable and to solve the
problem of incorrect disposal of solid wastes. Some examples are themining tailings,
rice husk ashes, chamotte, waste glass, biomass ashes, construction, and demolition
wastes, among others [12–18]. One requirement is that the waste may have reac-
tive phases of SiO2 e Al2O3 oxides, allowing the development of geopolymerization
reactions [19].

Chamotte consists of broken ceramic pieces that are discarded after the firing
process. Therefore, this waste presents similar behavior and characteristics to
metakaolin, a conventional precursor. As it is generated after burning normally at
around 800 °C [20], chamotte does not need any thermal treatment for its amor-
phization, already presenting itself in this condition. The only requirement for the
application of the material in geopolymer is the reduction of particle size to values
close to that of metakaolin. In turn, the waste glass is rich in SiO2 and Na2O and
it already has fine particles that make the dissolution easier [21]. Thus, this waste
shows promising physical and chemical characteristics for its use in the activating
solution, replacing the sodium silicate that is normally applied.

Given the above, the objective of this research is to evaluate the mechanical
behavior and microstructural of geopolymeric pastes, produced from industrial
wastes (chamotte and waste glass) in both phases (precursor and alkaline solution).
The effect of the addition of waste glass in NaOH-based alkaline solutions with
molar concentration equal to 8.0 mol/L and the feasibility of using the waste to
replace commercial sodium silicate were studied.

Materials and Methods

The materials used in this research were chamotte, waste glass (WG), sodium
hydroxide, and distilled water. Chamotte was supplied by a company located at
Ouro Branco, Brazil. The waste glass was obtained from glass cutting process and
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Table 1 Characteristics of
the alkaline solutions

Mixture WG content
(g/100 mL)

Molar
concentration
(mol/L)

SiO2/Na2O
molar ratio

8 M-0 0 8.0 –

8 M-5 5 8.0 0.124

8 M-10 10 8.0 0.248

8 M-15 15 8.0 0.370

collected at NewTemper company, Brazil. The alkaline solutions were producedwith
the addition of NaOH pellets (CRQ P.A., 99% purity).

The raw materials (chamotte and waste glass) were characterized by particle size
distribution, chemical, and mineralogical composition. The particle size was deter-
mined by means of Bettersize 2000 laser particle size analyzer, in a range of 0.02–
2,000 μm. The chemical analysis was obtained by X-ray fluorescence technique,
using a Shimadzu Micro-EDX-1300 spectrometer. The mineral phases of chamotte
and waste glass were assessed by X-ray diffraction (XRD), through the D8 Discover
(Bruker) diffractometer. The XRD was conducted with CuK αradiation (1.5418 Å),
2θ varying from 3° to 70°, 0.05° 2θ step-scan, and 1.0 s/step.

Four types of alkaline solutionswere prepared usingNaOH8Msolution andwaste
glass (Table 1). The production of the alternative sodium silicate solutions followed
the methodology described by Torres-Carrasco and Puertas [22]. The waste glass
was added to the NaOH solution and the mixture was magnetically stirred at 80 °C
for 3 h. Then, the mixture was filtered using a vacuum filtration apparatus. The liquid
part was used as the final alkaline solution. The solutions were stored for at least
24 h before the production of geopolymeric pastes.

The geopolymeric pastes were produced by mixing the chamotte and the alkaline
solution in a proportion of 1.0:0.4 (binder:solution). The materials were mixed using
a mechanical process with the following steps: (1) 1 minute of manual mixing; (2)
1 minute at low velocity; (3) 1-minute interval; and (4) 2 minutes at high velocity.
Prismatic specimens were molded with dimensions of 2 cm × 2 cm × 8 cm. They
were taken to the vibration table for 1 minute and covered with a plastic film. The
specimens were kept at room temperature for 24 h. Subsequently, theywere allocated
in plastic bags and immersed in a thermal chamber at 60 ± 1 °C for 24 h. After this
period, they were kept at room temperature until the performance of mechanical
tests.

Flexural and compressive strength tests were performed at the ages of 7 and
28 days, using an universal testing machine. Three samples of each mixture (by age)
were tested for flexural strength, resulting in six results of compressive strength for
eachmixture.After performing themechanical tests, the geopolymerswere subjected
to microstructural analysis, which were conducted in 28-day samples. The geopoly-
merization reactions were stopped using the methodology described by Reig et al.
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[23]. XRD techniques and Fourier Transform Infrared (FTIR) spectroscopy (Spec-
trum 100 CAF 2/DTGS model) were applied. The infrared spectrum range was
400–4000 cm−1 with a resolution of 4 cm−1 and 64 scans by spectrum.

Results and Discussion

Characterization of Raw Materials

The particle size distribution of chamotte andwaste glass is shown inFig. 1. Chamotte
is composed mostly by fine sand and silt, with about 10% of particles less than 2μm.
Waste glass presents finer particles than chamotte and it has higher percentage of
clay (about 25%). The finer the material, the greater its reactivity and potential for
geopolymerization.

Table 2 shows the chemical composition of chamotte and waste glass. One can
notice that chamotte is basically composed of SiO2 (49.74%) andAl2O3 (30.55), with
minor content of Fe2O3 (5.29%). Waste glass has high percentage of SiO2 (60.21%)

Fig. 1 Particle size distribution of chamotte and waste glass

Table 2 Chemical composition of chamotte and waste glass

Raw material Chemical composition (%) L.O.I. (%)

SiO2 Al2O3 Fe2O3 CaO K2O MgO Ti2O Na2O Other

Chamotte 49.74 30.55 5.29 0.54 1.27 1.61 1.08 1.54 6.07 2.31

Waste glass 60.21 2.93 0.29 7.40 0.23 1.65 0.01 2.61 4.94 19.73
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Fig. 2 XRD patterns of chamotte and waste glass (K—kaolinite; Q—quartz; E—epidote; R—
rutile; H—hematite)

and small amounts of CaO (7.40%) and Na2O (2.61%). The high content of silica is
a key factor to choose an alternative activator [15].

Figure 2 shows the XRD patterns of chamotte and waste glass. Chamotte presents
the following crystalline phases: kaolinite, quartz, epidote, rutile, and hematite. A
diffused halo between 15° and 30° indicates the presence of amorphous phase. It is
important, since the amorphous content is the reactive phase of the precursor. The
waste glass is basically amorphous, with small peaks of quartz. It indicates that the
waste glass has a great potential of dissolution and reaction.

Characterization of Geopolymeric Pastes

Figures 3 and 4 show the flexural and compressive strength of the four mixtures,
respectively.One can notice that the increase ofmechanical strength from7 to 28 days
was not significant. It probably occurred due to the higher availability of reactive
silica at the beginning of the geopolymerization process and the influence of initial
thermal curing (60 °C for 24 h) at early ages [17]. The rate of geopolymerization
decreases over time, resulting in no significant changes in the geopolymer matrix
and, consequently, its strength.

The addition of 5 g WG promoted few changes in both flexural and compressive
strengths. Analyzing the averages at 28 days by the Tukey test (α= 0.05), the flexural
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Fig. 4 Compressive strength of pastes at 7 and 28 days

strength results of 8 M-0 (0.83 MPa) and 8 M-5 (0.83 MPa) can be considered
statistically equal. The same trend was observed in compressive strength results
(2.47 MPa and 2.24 MPa, respectively).

There was an improvement of mechanical behavior for WG additions above 5 g.
Themechanical results of 8M-10 and 8M-15mixtures can be considered statistically
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equal, although the absolute values of compressive strength of 8 M-15 mixture were
higher than those of the 8 M-10. There was an increase of flexural strength of 240%
comparing the results of 8 M-0 and 8 M-10 at 28 days. For the compressive strength
that increase was 246%. Consequently, the higher the addition of WG, the higher
the mechanical strength. This confirms the presence of reactive silica in WG and the
importance of providing additional soluble silica to the alkaline system. Zhang et al.
[24] mention that using activators with dissolved silicates is preferable over using
only hydroxide, due to the fact that the products tend to develop higher strength and
denser microstructure. In addition, the incorporation of waste glass in the solution
changes its SiO2/Na2O molar ratio, which affects the mechanical strength of the
geopolymer.

Figure 5 shows the diffractograms of the pastes. The XRD patterns of 8 M-0 and
8 M-5 do not show significant presence of crystalline geopolymeric products, only
peaks of remaining compounds of the precursor and sodium carbonate hydrate. The
addition of WG (above 5 g) promoted the formation of two kinds of zeolite—zeolite
Y or faujasite and zeolite Na-X. Both structures are composed of silicon-oxygen and
aluminum-oxygen tetrahedrons. The difference is the number of member rings that
interconnect them and the combination of these units. The formation of faujasite
crystal can be explained by the presence of Ca atoms in the composition of WG
(CaO = 7.4%). The peaks of zeolites were observed only in geopolymers 8 M-10

Fig. 5 XRD patterns of 8 M-0, 8 M-5, 8 M-10, and 8 M-15 pastes
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Fig. 6 FTIR spectrum of the pastes

and 8 M-15, indicating that these matrices have higher quality. The XRD patterns of
8 M-10 and 8 M-15 do not have significant differences, which is in agreement with
the mechanical strength results.

The FTIR spectra of the pastes are shown in Fig. 6. The major band, related to
the asymmetrical stretching of Si–O-T, being T Si or Al tetrahedral, occurred at
1003 cm−1 to 8 M-0 and 990 cm−1 to 8 M-15. The shift proves that the addition of
waste glass increases the formation of geopolymeric products. At this band, higher
wavenumbers are related to the lower inclusion of Al into the geopolymer struc-
ture [17]. It indicates the presence of greater amount of unreacted particles in the
mixtures with less content of WG. The bands around 775 cm−1 are related to Si–
O-Si symmetric stretching vibrations and O–Al-O bending vibrations. The band at
686 cm−1 is associated with the presence of zeolitic structures [25], which were also
found in the diffractograms of geopolymers. The bands at 1435 cm−1 are associated
to the inclusion of CO−2

3. One can notice that the incorporation of waste glass tends
to decrease the intensity of these bands, indicating that it can limit the carbonation
of the pastes. The bands positioned at 1641 cm−1 and 3425 cm−1 are related to the
vibration mode of O–H and H-OH, respectively.
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Conclusions

This study aimed to evaluate themechanical behavior andmicrostructure of geopoly-
meric pastes produced from chamotte and waste glass-based alkaline solutions.
According to the experimental program and the statistical tools applied, one can
conclude the following:

• Both chamotte and waste glass presented suitable characteristics for their appli-
cation in the production of geopolymeric materials, such as the presence of
amorphous phase and, in the case of chamotte, appropriate contents of SiO2 and
Al2O3.

• The addition of waste glass (above 5 g/100 mL) in the NaOH-based alkaline
solution promoted the improvement of mechanical strength of the pastes, due to
the higher availability of soluble silica in the system. The addition of 10 g or 15 g
did not promote significant differences on the results of flexural and compressive
strength.

• The microstructural analyses showed that the waste glass led to the formation of
zeolitic species in the pastes and reduced the carbonation reactions betweenNaand
CO2. Also, a larger content of precursor was included in the geopolymerization
reactions, since no peaks of remaining compoundswere found in theXRDpatterns
of 8 M-10 and 8 M-15 pastes.

• Considering the mechanical results, chamotte and waste glass have potential to
be applied in geopolymer products that do not request higher values of compres-
sive strength, such as coating mortars. Thus, this work proves the possibility of
producing geopolymers with industrial wastes in both parts (liquid and solid),
which contributes to achieve higher level of sustainable.
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Recycling Glass Packaging into Ceramic
Bricks

G. C. G. Delaqua and C. M. F Vieira

Abstract Wastes regularly discarded by the society, such as post-consumption pack-
aging glass, are increasingly contributing to the environmental pollution. A possible
solution could be its incorporation into a clay body to fabricate common fired
ceramics for civil construction. The objective of this work is to evaluate the effect of
the incorporation of this waste, at different particle sizes, in technological properties
of clayey body. This glass powder was tested for X-ray fluorescence and optical
dilatometry. Specimens were uniaxially pressed at 25 MPa and fired up to 1000
ºC. The technological properties were evaluated in terms of water absorption, linear
shrinkage, and flexural rupture strength. The results indicated that the waste incor-
poration improved both the ceramic water absorption and the mechanical strength.
Finally, this work indicated that clay brick production is a viable and technically
advantageous alternative for recycling this type of waste, also bringing benefits to
the quality of ceramics.

Keywords Waste · Glass · Red ceramic

Introduction

The increase in the amount of waste generated through concerns related to final
disposal [1, 2]. Demanding to the requirements of environmental agencies, alterna-
tives have been sought for the correct disposal of solid waste generated [3], which is
because they are not recycled naturally, and their incorrect disposal can cause serious
environmental problems.

As glass is a 100% recyclable material, it can be reused infinite times without
changing its initial composition, or also applied to other materials. According to
the Business Commitment to Recycling—CEMPRE (2021) [4], Brazil produces an
average of 1.3 million tons of glass packaging per year, using approximately 50% of
recycled rawmaterial in the form of shards. The reuse of packaging in the production
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process can directly contribute to the preservation of the environment, as in addition
to consuming less raw material and energy, it avoids the emission of CO2.

As it is an inert material, the glass discarded in the environment does not pollute,
but it generates a great environmental liability, due to the poor management of this
waste, increasing the significant amounts that are deposited in landfills. Thus, it is
necessary to find viable technological alternatives that allow the recycling of these
glasses in an economic and sustainable way [4, 5], as waste that is no longer used
can return to the production cycle as a raw material [6].

Due to the characteristics of clay, the ceramic industry is one of the most
outstanding in the recycling of different types ofwaste, which, due to its highmonthly
production volume, also allows the consumption of large amounts of waste [7]. In
addition, this incorporation will act in such a way as to introduce non-plastic or inert
elements to the material to the mass used, where, while one acts in reducing the
energy expenditure of the burning stage, by supplying energy (exothermic reactions)
[8], the another will contribute to reducing the sintering temperature of ceramic
materials.

In the recycling process, the glass, to be used as a raw material for the glass
industries, is preferably separated by color, to avoid changes in the visual pattern of
the final product, [9], which would not be a problem for the ceramic industry, since
most of the products are reddish in color.

By presenting in its chemical composition essential oxides for the ceramic
industry, glass has considered levels of fluxing oxides that will help to reduce the
initial temperature of liquid phase formation in the sintering process, reducing the
firing temperature, thereby reducing expenses with fuel for heating the furnace [8].
To Dondi et al. (2009) [10], the glass residue used in the manufacture of ceramic
products contributes to improving the final quality of the product, and Teixeira et al.
(2008) [11] state that with the addition of glass the levels of flux oxides increase,
which are responsible for the formation of the liquid phase and for the densifica-
tion of the masses during the burning process, contributing to the improvement of
properties.

In addition to the possibility of providing an environmentally correct destination
for this type of waste, Bonet (2002) [12] points out that one of the issues of funda-
mental importance for society is the need to reusewaste as away of preserving natural
resources, saving energy, offering less degradation of the environment, and providing
improvements in the living conditions of communities. Thus, this work aims to find
a useful and environmentally viable application to multiple-use packaging, evalu-
ating the influence of the incorporation of glass powder in different particle sizes on
the physical–mechanical properties of a clayey mass used in the production of red
ceramics.
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Materials And Methods

Materials

The raw materials used in this work were a clayey mass containing 25% red
clay and 75% yellow clay, and multiple-use packaging glass. The red clay comes
from Itaboraí-RJ and the yellow one from Campos dos Goytacazes-RJ, both
were donated by the company Arte Cerâmica Sardinha located in the munici-
pality of Campos dos Goytacazes. The multiple-use packages were collected at a
recycler—RECICAMPOS, in the municipality of Campos dos Goytacazes-RJ.

Methods

Initially, the clay was dried in an oven at 110 °C and processed by sieving in 40
mesh. The packaging glasses were broken with the aid of a crusher, and later placed
in a ball mill to obtain the desired granulometry. The grinding time varied according
to the particle size used.

Formulations were prepared containing 20% by weight of residue in clayey mass
in the 40 and 100 mesh particle sizes. A 0% mass without addition of residue was
used as a reference. Once prepared, the compositions were dry homogenized in a
mill for 20 min. Then, they were moistened with 8% by weight of water and placed
in plastic bags for 24 h to make the humidity uniform. Test specimens with 25 ×
115 mmwere made by uniaxial pressing at 25MPa, which were oven dried at 110 °C
for 24 h. The specimens were fired in a Muffle laboratory furnace, at a temperature
of 800, 900, and 1000 °C, with a heating rate of 2 °C/min and an isotherm of 180 min
at the plateau temperature. Cooling was done by natural convection, turning off the
oven. After firing, the physical and mechanical properties were determined: water
absorption, linear shrinkage, and flexural rupture strength.

The linear shrinkage of the burnt parts (LS) was determined according to the
C326-09 [13] standard through Eq. 1:

Rlq =
(
Ls − Lq

Ls

)
∗ 100 (1)

where Ls represents the length of the specimen after forming and drying and Lq

represents the length of the specimen after firing.
The water absorption test (WA) was performed according to the NBR 15,270–

17 standard [14]. In this test, the mass of each burnt specimen was measured, and
then they were placed in a container with water, where they were kept boiling for
2 h. Afterwards, they were cooled to room temperature, where the surface water of
each piece was removed and the mass of the specimens was recorded. Values were
calculated using Eq. 2:
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AA =
(
Mu − Ms

Ms

)
∗ 100 (2)

The flexural rupture strength test (σ) was performed in accordance with ASTM
C674-77 [15]. The load applied by the upper cutlass has a speed of 1 mm/min and
the distance between the supporting cutlasses is 90 mm. The voltage was calculated
using Eq. 3:

σ = 3 ∗ F ∗ L

2 ∗ b ∗ d2
(3)

where σ is the flexural failure stress (MPa); P is the load applied to the specimen at
the moment of rupture (N); L is the distance between the support cleavers (mm); b
is the width of the specimen (mm); and d is the thickness of the specimen (mm).

Results And Discussion

Table 1 shows the chemical compositions of red clay from Itaboraí and yellow clay
from Campos dos Goytacazes and glass. It is observed that the predominant oxides
in both clays are silica (SiO2) and alumina Al2O3), which mostly combine to form
aluminum silicate, such as muscovite mica and kaolinite [16]. It is observed that the
Fe2O3 content is high, which gives a reddish color to the pieces after firing. It is
also possible to observe a considerable amount of losses due to fire. The high loss
to fire indicates a large amount of clay minerals, as it is mainly associated with the
dehydroxylation of kaolinite [1, 17].

In Table 1, the chemical composition of the glass is also presented, where it is
possible to observe that the predominant oxide is SiO2, which is responsible for
forming the vitreous phase, with significant presence of Na2O and CaO. There is
also a moderate amount of Fe2O3. The presence of K2O, which is a flux agent,
contributes to the formation of liquid phases, responsible for closing porosity and
improving technological properties.

Table 1 Chemical composition of clays and glass

Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 TiO2 LoL*

Red
clay

24.29 0.12 6.36 1.69 0.97 <0.05 <0.05 0.08 56.85 1.02 8.54

Yellow
clay

21.4 0.4 7.37 2.42 1.17 0,12 0.59 0.17 57.6 1.07 7.69

Glass 2.4 8.45 1.25 0.3 2.45 – 14 0.05 72 0.2 2.8

LoI = Loss on Ignition
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Technological Properties

Figure 1 shows the linear shrinkage of the fired specimens. Note in the graph a high
retraction of the pieces with packaging glass in relation to the standard mass. It
is possible to observe that when the particle size of the residue decreased and the
temperature increased, these values were higher. This property is of interest for the
study of ceramic materials manufactured through sintering. Linear firing shrinkage
has a direct correlation with sintering efficiency, since, during this step, the ceramic
bodies tend to shrink, causing the particles to consolidate.

The recommendation for firing red ceramic is that the maximum shrinkage does
not exceed 2% [18]. Analyzing the same figure, only the formulations with glass
incorporation, and fired at a temperature of 1000 °C, would not meet the recommen-
dation. This behavior was expected, given the ability of alkaline earth oxides to form
a viscous flow with increased temperature, consequently, greater retraction.

Figure 2 shows the results of water absorption of ceramics containing 20% waste
(40 and 100#), fired at the investigated temperatures (800, 900, and 1000 °C). It is
possible to observe, comparing with the reference mass, that with the decrease in
the particle size of the embedded glass residue and the increase in temperature, there
was a decrease in water absorption. The alkaline and earth alkaline oxides present
in the residue are important for ceramics, because due to the formation of a liquid
phase during sintering, they cause the filling of the existing pores, thus causing a
reduction in water absorption.

Figure 3 shows the flexural rupture strength graph of compositions containing
0 and 20% by weight of waste, in the granulometry of 40 and 100 mesh, fired
at temperatures of 800, 900, and 1000 °C. Analyzing this graph, it is possible to
observe an increasing trend of mechanical resistance attributed to the incorporation
of the glass residue into the mass. This is due to the formation of the liquid phase of

Fig. 1 Linear shrinkage of
mass as a function of
temperature
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Fig. 2 Water absorption of
formulations as a function of
firing temperature
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Fig. 3 Flexural rupture
strength of the investigated
mass and temperatures
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the residue, providing improvements in mechanical properties through the closing
of the pores. The finer particle size of the residue causes a good dispersion of the
material, improving densification [19, 20], which, with the increase in temperature,
contributed to a more efficient liquid phase formation. The pieces containing 20%
of residue in a granulometry of 100#, fired at a temperature of 1000 °C, reached a
resistance of 8.9 MPa.

In accordance with what is recommended by Santo (1989) [21], all the masses
investigated in thiswork are suitable for the production of bricks (2MPa), but only the
masses with incorporation of waste burned at 1000 °C would meet the recommended
for the production of blocks (5.5 MPa) and tiles (6.5 MPa).
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The beneficial influence of the residue on the property of ceramics is notorious,
where better quality pieces, fired at lower temperatures, would be possible.

Conclusions

With the results obtained, it was possible to conclude that glass has great potential
to be reused in red ceramics, as it has a large amount of SiO2, followed by Na2O and
CaO, which contribute to reducing the sintering temperature of ceramics.

It was observed, at the investigated temperatures (800, 900 and 1000 °C), that the
incorporation of the residue provided a decrease in the water absorption values and
an increase in the breaking strength of the pieces, when compared to the reference
mass (0%) which was burnt at the same temperatures.

Thus, it is concluded that glass has great potential to be reused in red ceramic, as
in addition to contributing to the improvement of the properties of the pieces, it is an
alternative for saving raw material, thus contributing to environmental preservation,
already that the glass released into nature is not recycled naturally.
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Study of the Collectorless Flotation
Behavior of Galena in the Presence
of Ferric Ion
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and Francisco Raúl Barrientos Hernández

Abstract The presence of ferric ion in the pulp from the grinding is due to the
galvanic reactions that take place between the sulfides and the grinding steel media,
decisively influencing the flotation stage. In this research work, the behavior of
different iron concentrations in galena collectorless flotation in acid and alkaline
medium is studied. The results found indicate the depression of the mineral (27%
w/w of flotation) in the presence of 25mg/L of ferric ion at pH 10 and a pulp potential
(Eh) of + 81 mV, with similar values of Eh and pH, but in the absence of the metal
ion, a cumulative flotation of 59% w/w is obtained. While at slightly acidic pH 6.0,
Eh of + 280 mV, and in the presence of 75 mg/L of iron, a cumulative flotation
efficiency of 65% w/w is obtained.

Keywords Galena · Ferric ion · Pulp potential · Collectorless flotation · pH

Introduction

Galena (PbS) is a mineral of great industrial importance, it is the main source of lead
in the world, and it is also considered as a semiconductor material [1]. It is one of the
most common and important minerals. It often occurs with other similar minerals
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such as pyrite or sphalerite [2]. The availability of galena, its well-defined crystal
structure, and the absence of metal ions (impurities aside) that can easily change
its oxidation state give galena the indisputable distinction of being the most studied
mineral in the flotation. Despite this, the form of the adsorption of flotation reagents
on the surface of the galena is still debated [3, 4].

In collectorless flotation, only in the presence of frother agent, the mineral parti-
cles tend to join the bubbles in the foam, due to the contact angle formed between the
surface of the sulfide and the bubble. This phenomenon can be explained by the chem-
ical charges of themineral surfacewhich are related to the interfacial electrochemical
potentials of the system [5, 6].

So collectorless flotation takes advantage of the use of frother agent, favoring
wettability and the contact angle between the bubble and the mineral surface, this
process is also known as foam flotation [7, 8]. Regarding the natural buoyancy of
mineral sulfides, this is due to the formation of elemental sulfur on the surface. The
mineral sulfides that naturally possess this property are molybdenite, orpiment and
realgar, molybdenum sulfide, and arsenic sulfides, respectively [9].

Galena flotation at laboratory and industrial scale can be carried out in the absence
of a collector [10, 11], Its surface is naturally hydrophobic, even if it is slightly
oxidized can carry out the collectorless flotation, its surface state is rich in sulfur
and deficient in metal. Importantly, and the nature of the surface state depends on
whether the elements of the metal sulfide are oxidized or reduced. Heavily oxidized
galena does not show collectorless flotation [10].

Regarding the presence of metal ions in flotation pulp, these affect positively or
negatively the flotation process of minerals and the presence of metal ions in the
pulp is for any of the following reasons: by intentional addition of an inorganic or
organic chemical reagent that activates the mineral surface, or induced by grinding,
during which a large amount of ions are released, as a result of the oxidation of iron
from the grinding media, as well as the surface oxidation of the metallic elements of
sulfide minerals such as iron from pyrite, chalcopyrite, pyrrhotite, and arsenopyrite,
among others [12, 13].

Therefore, the nature and concentration of the iron III species adsorbed to the
surface of the galena mineral strongly depend on the pH and the concentration of
the metal ion in the pulp. The interaction mechanisms are controlled by the surface
chemistry of galena, as well as by the speciation of iron III [14]. Therefore, the
surface groups of galena (PbS) are controlled by the degree of oxidation, the pH, and
have a determining role in flotation.

Therefore, in this research, the behavior of collectorless flotation of galena (PbS)
is analyzed, depending on the pH, the oxide reduction potential, and the presence of
different concentrations of Fe3+ ions in acidic and alkaline environments to establish
its depressant or activating effect.
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Experimental Methodology

To carry out the study of the behavior of collectorless flotation of galena (PbS) in the
presence of different concentrations of ferric ion at acidic and alkaline pH values, a
galenamineralwas used,which ismade up of a single phase fromat ZimapánHidalgo
mining region,México. Themineral particles ground to amicrometric size in an agate
mortarwere characterized byX-ray diffraction (XRD), scanning electronmicroscopy
in conjunction with energy dispersionmicroanalysis (SEM–EDS), Fourier transform
infrared spectroscopy. (FTIR), and particle size analysis (PSA) by laser diffraction.

The flotation tests were carried out in a 1 L capacity laboratory Denver cell made
of stainless steel, a diffuser, and impeller operated at 1200 rpm, the entry of air into
the cell to form the bubbleswas controlledwith a valve opening and due to the stirring
effect. The pH and the oxide reduction potential (ORP) were measured with a KCl
internal solution electrode coupled to a Thermo Scientific Orion 3 Star potentiometer
which was calibrated before each float test.

For all tests, deionized water and 99% Fe2(SO4)3 ferric sulfate salt were used;
to adjust the pH, sulfuric acid and 1 M sodium hydroxide were used; and methyl
isobutyl carbinol (MIBC) was used as frother agent C6H14O provided by Alkemin
S.A, by S.R.L.

The collectorless flotation tests of galena in the presence of ferric ion were carried
out under the following experimental procedure. The conditioning was performed
inside the flotation cell using a volume of 1 L, then 60 mg/L of frother agent were
added, later 4 g of mineral were added, as well as the ferric sulfate salt in quantities to
give concentrations of 5, 25, and 75 mg/L of Fe3+ ion, the tests were conducted at pH
6 and 10, keeping the pulp in continuous stirring. At each change in the chemistry, the
pulp was given a stabilization time of 3 min and then both the pH and the oxidation
reduction potential (ORP) mV were measured.

Themeasured ORPwas expressed in reference to the standard hydrogen electrode
(SHE), by adding+ 236 mV to the measured value, as cited in the bibliography [11].
Once the conditioning time was over, the flotation test was started by opening the air
suction valve to generate the bubbles, obtaining concentrates in times of 0.5, 1, 2, 4,
6, 8, and 10 min. The wet concentrate was received in pre-weighed inert containers,
one for each flotation time, and allowed to dry at room temperature. The float weight
percentage obtained at each time was calculated with Eq. 1

%w/w F = W f − W0

4
∗ 100 (1)

where %w/w F is the percentage by weight obtained in the flotation at each time, Wf

is the weight of the container containing the floated dry mineral, Wo is the weight of
the empty container, four (4) is the quantity grams of ore used, and 100 to express
the value as a percentage. The containers were weighed on a precision analytical
balance.
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Results

Figure 1 shows theX-ray diffraction spectrum, indexed usingMatch 1.1 software, the
PDF JCPDS-ICDD (Joint Committee on Power Diffraction Standards-International
Center for Diffraction Data) diffraction pattern that matches the mineral sample is
96-900–8695 indicating the presence of galena. Figure 2 shows the morphology
of the galena mineral particles analyzed by scanning electron microscopy (SEM)
with a magnification of 2000X, due to its low hardness of 2.5 to 3 Mohs it has a
sub-conchoid type fracture, a wide variety is observed of sizes and tends to fracture
into small rectangular prisms. Figure 3 shows the energy dispersion microanalysis,
showing the characteristic elements of galena. The surface of the galena particle has
a high lead content 87.49% w/w and a lower sulfur concentration 12.51% w/w.

Figure 4 presents the infrared spectrum of the galena particles pulverized in an
agate mortar. Multiple absorption bands are observed. The identification of these
bands was supported by obtaining FTIR spectra of chemically pure PbO2 and PbO
reagents. The absorption bands at 420, 461, 597, and 617 cm−1 correspond to the
modes of vibration of the Pb–O bonds of Lead II oxide, PbO2. Regarding the Pb-O
bonds of lead oxide PbO, these have vibration signals at 694 and 796 cm−1. The
presence of these modes of vibration caused by the covalent bonds of Pb-O indicates
that as soon as the mineral is pulverized new surfaces are exposed, the lead atoms in

Fig. 1 XRD spectrum of galena PbS particles
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Fig. 2 SEM micrograph of galena PbS 2000X particles

Fig. 3 EDS spectrum and semiquantitative microanalysis of galena
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Fig. 4 Infrared spectrum of
galena ore pulverized in
agate mortar

the last surface layer are exposed to the atmosphere consisting of 21% oxygen O2,
which gives rise to covalent Pb-O bonds of lead oxides.

The presence of bands in 967, 1052, and 1111 cm−1 is the result of the scission
of the main band of the sulfate ion located at 1200 cm−1, and these three absorption
bands indicate that the surface sulfate is combined with lead in the form of a lead
sulfate compound in a monodentate manner, where the main absorption band v1
of sulfate creates an active infrared, developing the triple degeneration v3, which
results in the division into two or three bands (depending on the structure formed).
Regarding the analysis of the particle size (ATP) by laser diffraction of the galena
used for the flotation tests, it indicates a mean population of 7.09 microns (µm).

Figure 5 shows the%w/w of cumulative flotation of galena in the presence of iron
Fe3+ at concentrations 5 and 25 mg/L, at alkaline pH (10), and acidic pH (6.0). It is
observed that in the absence of collector and Fe3+ metal ions at pH 10, the maximum
cumulative flotation of galena was 59% w/w. The presence of only 5 mg/L of Fe3+

depresses flotation, having a cumulative flotation percentage of 54%w/w. Increasing
the Fe3+ concentration to 25 mg/L further depresses the collectorless flotation, with
the recovery being only 27% w/w, this test was performed at pH 10. In a similar
experiment of collectorless flotation in the presence of 25 mg/L of Fe3+ but at pH
6.0, it is observed from Fig. 5 that the cumulative flotation tends to increase with
time reaching 47% w/w separation of these results it is established that the negative
effect of the presence ferric ion in the flotation can be minimized by lowering the pH
to 6.0.

It is also observed that the presence of 75 mg/L of Fe3+ at pH 6.0 in the flotation
pulp, not only the depression of galena due to the iron species is ruled out, but also
the % w/w of cumulative recovery increases, with 65% w/w recovery. The results
found in this work agree with those reported in similar investigations [14], where the
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Fig. 5 %Accumulated galena flotation as a function of time (minutes) effect of Fe3+ concentration

separation of mineral sulfides (galena) by foam flotation or without collector can be
hampered by the presence of hydrophilic surface layers of iron species.

The changes that occur in both the pH and the pulp potential Eh during condi-
tioning help in the compression of the flotation results obtained. Figure 6 shows the
behavior of the pulp potential Eh. This influences the adsorption affinity of metal
ions and metal ion hydrolysis products on the surface of the galena mineral. Under
alkaline pH conditions of 10 and in the presence of 5 mg/L and 25 mg/L of Fe3+,
the pulp potential at the beginning of the flotation is around +81 mV, the chemical
environment is weakly oxidizing, and the % w/w cumulative flotation at 10 minutes
drops dramatically, this being 27% w/w.

Therefore, the presence of Fe3+ in concentrations of 5 and 25 mg/L at pH 10 not
only decreases the oxidizing character of the pulp potential Eh, but also decreases
the % w/w of cumulative flotation shown in Fig. 5, with similar potentials +81 mV,
but in the absence of ferric ion, a considerably higher galena flotation of about 59%
w/w is obtained.

On the other hand, the presence of the ferric ion (25, 75 m/L) in the flotation pulp
and under slightly acidic pH conditions (6.0) generates a strongly oxidizing pulp
potential Eh of +300 mV. This means that the depressive effect of the ferric ion in
the flotation pulp can be overcome if the pH of the process is slightly acidic. This is
due to the dissolution of the phases formed on the surface of the galena.
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Fig. 6 Behavior of pulp potential, during initial and final flotation conditioning

Conclusions

Collectorless flotation of galena, only using foaming agent, can be carried out and is
strongly altered by the presence of Fe3+, only 5 mg/L of iron III alters the surface of
themineral, decreasing the flotation efficiency and 25mg/L of the ferric ion seriously
depress the flotation of galena having a 27%w/wat the 10min of cumulative flotation,
this under conditions of pH 10 and pulp potential Eh of +81 mV. With a slightly
acidic flotation pulp at pH 6.0 and with Fe3+ contents of 25 mg/L and 75 mg/L,
an adverse effect is found when the pulp has an alkaline pH, thus, under these pH
conditions, the presence of ferric ion has a cumulative flotation of 47% w/w and
65% w/w, respectively. The adverse effect of the iron ion on the flotation pulp can
be minimized if the flotation is carried out at a slightly acidic pH.
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Study of the Determination of Hardbody
Impact Resistance of Screened
and Non-screened Ornamental Rocks
of Different Thicknesses

M. F. Braga, E. D. F. Castilho, A. R. G. Azevedo, A. S. A. Cruz,
M. T. Marvila, and S. N. Monteiro

Abstract Ornamental stones have been increasingly used in civil construction
and, therefore, knowing the technological characteristics of these materials is of
paramount importance to determine which types of stone are most suitable for each
application. This work studies ornamental stones applied as floors, where they are
exposed to the possibility of cracking and breaking as a result of falling objects.
For this, five different types of rock with different thicknesses were submitted to the
screening process, which consists of applying a fiberglass screen on the unfinished
face of the rock. Rocks with and without screens were then subjected to the hard
body impact strength test. The results confirmed the screen’s efficiency in increasing
the impact strength of rocks and also showed that the thinner rocks with the screen
reached higher strengths than the thicker rocks without the screen.

Keywords Hard body impact resistance · Screening · Ornamental stones
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Introduction

Humanity’s use of rocks dates back to the dawn of civilization. Since then, they have
been used in the most diverse applications, as long as they are found in minimum
conditions of use. In Brazil, ornamental stones have been used since the colonial
period, imported from European countries such as Italy and Portugal [1].

Dimensional rocks are a mineral asset with diverse applications due to their great
diversity and versatility. From them, blocks and plates are produced; cut in different
ways; and that can undergo different processing processes, such as squaring and
polishing. Dimensional stones can be used as decoration, in sculptures, on tables (as
part of the structure or as a top), as countertops, as tombstones (and in funerary art
in general), and in civil construction.

Exclusively in the civil construction sector, ornamental stones are used as cover-
ings for walls, facades, and floors, both indoors and outdoors. Among the countless
types of ornamental rocks, granites are the most used, as they have very varied
textures, structures, and colors [2].

Due to its aesthetic importance, what conditions the trade and use of rocks is
the beauty of the stone material, which, in turn, is related to the current fashion at
each time. However, according to Frascá [2], the aesthetic aspect must be considered
concurrently with the knowledge of the physical and mechanical properties of the
rock, so that, once submitted to use requests, the chosen rock has a satisfactory
performance.

It is clear, therefore, that the correct choice of material for different applications
is extremely important, to ensure not only the beauty, but also the functionality of the
project. The incorrect use of the material can result in a series of problems, bringing
setbacks and the need for financial expenses.

The wide variety of applications to which ornamental stones can be used means
that these materials are exposed to various situations of physical and chemical inter-
action with the environment of which they will be part. One of these situations is the
fall of objects of different natures and heights, when rocks are used as floors. Various
objects can impact a floor such as keys, cups, tools, and others. In this context, it is
important to study the behavior of rocks in this situation and, therefore, it is neces-
sary to adopt a technical criterion to determine which rocks can be used in these
applications.

In the search to mitigate the appearance of breaks or cracks during the finishing
and transport of rocks, in the 90s, the reinforcement technique called screening began
to be used in Brazil. The technique consists of applying an epoxy system and a glass
screen on the back of the plate, that is, on the opposite surface to which it will receive
the polishing [3]. The screening must be applied to materials with low resistance to
bending or when they present many fractures [4].

Based on the above, the present work seeks to compare the impact strength of hard
body for five types of rocks (Arabesque, White Dallas, White Siena, Beige Ipanema,
and Ubatuba Green) at different thicknesses (1.5 and 2.0 cm) with and without the
use of screen, in order to determine the best thickness and the best finish for use of
the rocks, based on the resistance obtained.
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Materials and Methods

In this work, specimens of Arabesque, White Dallas, White Siena, Beige Ipanema,
and Ubatuba Green rocks were subjected to the hard body impact strength test. The
chosen rocks were provided by the companies VMA Granitos e Mármores, from
Mimoso do Sul, and Du Muro’s Granitos e Mármores, from Muqui.

The petrographic characterization of the rocks revealed that the Arabesco rock is
classified as a medium to coarse classified tonalite. Portions of the rock have plagio-
clase porphyroclasts. Occasionally, some regions of the samples showed mineral
orientation (biotite). The Bege Ipanema rock, in turn, is classified as a tonalite of
massive structure, with fine to medium grain. The Branco Siena stony type is a
leucocratic rock with a massive composition and structure and fine grain. The Verde
Ubatuba rock is called Charnockito due to the large amount of orthopyroxene in
the granite. It is a medium to coarse grained mesocratic rock with a massive struc-
ture. The White Dallas rock is a solid tonalitic rock, fine to medium grained. The
mineralogical composition of the rocks can be seen in Table 1.

In order to carry out the hard body impact tests, 20 specimens of each type of rock
were used, 10 with a thickness of 1.5 cm and 10 with a thickness of 2.0 cm, with 5
sealed samples and 5 unsealed samples for each thickness. The specimens were cut
from use-finish plates and have dimensions of 200 × 200 mm.

The specimens were identified with letters and sequential numbers on one of the
side faces of the sample, and also with Roman numerals on the other side, as can be
seen in Fig. 1. The sides of the specimens were measured by placing the ruler on its
sides, and the thickness of the samples was measured with the aid of a caliper [5].

To ensure that the center of the specimen would be accurately marked, the two
diagonals of the specimens were demarcated with the help of a ruler.

The same procedures were performed for the screened samples, with the addition
of the screening step. To carry out the mesh, the samples were first washed, in order
to prevent particles, present in the rock from interfering with the process of adhesion
of themesh to thematerial. Afterwards, the samples were kept in an oven at 70 °C, for
24 h, for drying. This step is important because the removal of moisture ensures the
effectiveness of the mesh adhesion process, by allowing the resin to be well absorbed
by the rock [6].

Table 1 Mineralogical composition of rocks

Quartz Plagioclase (%) Biotite Grenade Mafic minerals Orthopiroxene

Arabesque 40 30 20% 10% – –

Beige Ipanema 30 45 20% – – –

White Siena 30 50 – 15% <5% –

Ubatuba Green 25 40 15% – – 20%

White Dallas 20 70 5% – – –
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Fig. 1 Identification of the specimens

After the drying period in an oven, to apply the mesh to the rock, an epoxy resin
and hardener were used, whose curing time is 24 h, according to information from
the manufacturer. The proportion used for the mixture was 100% resin mass to 50%
hardener mass, thus, for each specimen, 12.6 g of mixture were used, being 8.4 g
of resin and 4.2 g of hardener. The screens are interwoven with 5 × 5 mm mesh
polyester fabric with 1 mm diameter yarn.

The screens were placed on the unfinished face of the rock (backward), and the
mixture (resin+hardener) was spread over the screen. After applying the mesh, the
samples were dried at room temperature for a period of 24 h (Fig. 2).

The Hard Body Impact Resistance test was carried out in the Dimensional Stones
laboratory of CETEM (Mineral Technology Center) in Cachoeiro do Itapemirim,
Espírito Santo (Brazil) and followed the ABNT NBR 15,845–8 standard [5]. Five
specimens were used for each sample, which were laid and leveled, one by one, on
a sand mattress. Subsequently, the steel ball, weighing 1 kg, was raised to a height
of 20 cm, and then abandoned it in free fall. From this point onwards, the procedure
was repeated at intervals greater than 5 cm in height, until the height at which the
specimen ruptured was observed. This height was noted and then an average of the
results obtained from the five specimens used was made. The ball launch is vertical
and standardized at the standard height and the materials are defined as standards

Fig. 2 Screened samples



Study of the Determination of Hardbody Impact Resistance … 425

for their density. The sand used must be of medium granulometry, for better impact
absorption. The ball is expected to touch the rock sample in its central part, showing
its impact.

Results and Discussion

Tables 2, 3, 4, 5 and 6 present the results of material tests with and without the use
of screens, in different thicknesses.

Thematerials, Arabesco, Bege Ipanema,White Siena, andVerdeUbatubawithout
the use of a screen and with a thickness of 1.5 cm, do not meet the requirement of the
ABNT 15,844:2010 standard, which sets the value as a reference for the hard body
impact test of 0.30 m of breaking height of the specimens. The only material that
meets the standard when 1.5 cm thick and without mesh is the White Dallas rock
and, even so, it is very close to the established limit [7].

Table 2 Arabesque rock results for the hard body impact test

Arabesque

2.0 cm 1.5 cm

With screening Without screening With screening Without screening

Average break
height (m)

0.61 0.31 0.48 0.26

Standard
deviation

0.022 0.022 0.057 0.022

Average burst
energy (J)

5.98 3.04 4.70 2.55

Average
deviation

0.03

Table 3 Arabesque rock results for the hard body impact test

Beige Ipanema

2.0 cm 1.5 cm

With screening Without screening With screening Without screening

Average break
height (m)

0.65 0.34 0.52 0.26

Standard
deviation

0.05 0.022 0.044 0.777

Average burst
energy (J)

6.37 3.33 5.10 2.55

Average
deviation

0.22
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Table 4 White Dallas rock results for the hard body impact test

White Dallas

2.0 cm 1.5 cm

With screening Without screening With screening Without screening

Average break
height (m)

0.66 0.41 0.54 0.32

Standard
deviation

0.065 0.022 0.022 0.027

Average Burst
Energy (J)

6.47 4.02 4.02 3.13

Average
deviation

0.03

Table 5 White Siena rock results for the hard body impact test

White Siena

2.0 cm 1.5 cm

With screening Without screening With screening Without screening

Average break
height (m)

0.72 0.32 0.64 0.29

Standard
deviation

0.027 0.027 0.041 0.022

Average burst
energy (J)

7.06 3.13 6.27 2.84

Average
deviation

0.02

Table 6 Ubatuba Green rock results for the hard body impact test

Ubatuba Green

2.0 cm 1.5 cm

With screening Without screening With screening Without screening

Average break
height (m)

0.67 0.32 0.46 0.26

Standard
deviation

0.044 0.027 0.022 0.022

Average burst
energy (J)

6.57 3.13 4.51 2.55

Average
deviation

0.02
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On the other hand, the use of the screen in samples with 1.5 cm caused a consid-
erable increase in strength and, thus, the rocks that, without the use of the screen,
did not achieve satisfactory performance before the standard reached the established
minimum requirement.

The improvement in the performance of the rocks in the test was also observed
with the increase in the thickness of the samples, that is, for samples with a thickness
of 2.0 cm. It is noteworthy, however, that the resistance observed in samples with a
thickness of 1.5 cm with the meshing process is higher than that observed in samples
with a thickness of 2.0 cm without the use of a mesh [8].

At first, it was expected that materials that have more quartz (which hardness on
the Mohs scale is 7 out of 10) would obtain greater resistance compared to others,
due to the hardness of this mineral. However, the results showed that the Branco
Dallas rock obtained greater strength for tests without the use of mesh, leading to the
belief that other factors not only mineralogy influence the resistance to hard body
impact.

It is notorious the increase in resistance due to the use of the screen. For a better
analysis, the percentage increases in strength were calculated for each material when
the mesh was used in both thicknesses, and the results of this analysis can be seen
in Figs. 3, 4, 5, 6 and 7 [9].

The analysis of the graphics confirms the hypothesis that, for the same thick-
ness, the use of the screen increases resistance. It is also interesting to note that the
percentage quantification of the increase was considerable, in some cases very close
to, or even greater than 100%.

The White Siena material stands out, which obtained the highest percentage
increase in strength when compared to the values with and without the use of mesh,
where the increase relative to the thickness of 2.0 cm without mesh and 1.5 cm with
mesh was 50% [10].

Fig. 3 Percentage increase in Arabesque rock strength



428 M. F. Braga et al.

Fig. 4 Percentage increase in Beige Ipanema rock strength

Fig. 5 Percentage increase in White Dallas rock strength

Conclusion

Through this work it was possible to conclude that the use of screens in ornamental
stones for floors generates a greater use of the material, since the screen allows the
production of more tiles, with less thickness, from the same block, ensuring a consid-
erable increase in terms resistance to falling objects, delivering a technologically
better product to the final consumer, as it is more resistant.

It can also be concluded that the materials, Arabesco, Bege Ipanema, Branco
Siena, and Verde Ubatuba, with a thickness of 1.5 cm without screen coating would
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Fig. 6 Percentage increase in White Siena rock strength

Fig. 7 Percentage increase in Ubatuba Green rock strength

not be indicated for floor coverings. Only after the application of the mesh could
these materials be used in this application, due to the increased strength provided by
the meshing process, which allowed these materials to reach the minimum strength
provided for in the standard.

It is also important to point out that, according to the results obtained in the tests,
the screening process made the samples with a smaller thickness (1.5 cm) to reach
resistance greater than those of the rocks with a greater thickness (2.0 cm) without
the use of a mesh. This is a relevant result, since it indicates that screening enables
the production of thinner sheets without compromising the mechanical performance
of the rock.
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Surface Modification of Jamesonite
During Flotation; Effect of the Presence
of Ferric Ion

Martín Reyes Pérez, Jazmin Terrazas Medina, Elia Palacios Beas,
Iván. A. Reyes Domínguez, Mizraim U. Flores Guerrero,
Aislinn Michelle Teja Ruiz, Miguel Pérez Labra, Julio Cesar Juárez Tapia,
and Francisco Raúl Barrientos Hernández

Abstract In the present study, the analysis of the surface modification of jamesonite
during flotation with and without a collector, in the presence of Fe3+ ions, was
approached. It was found that the use of 25 mg/L of ferric ion acts as an activator
during the collectorless flotation of jamesonite, obtaining a 79% w/w separation.
Higher concentrations (75 mg/L of Fe3+) do not increase efficiency, even though in
the presence of 60 mg/L of xanthate, the cumulative flotation is 64%w/w. This is due
to the surface modification, detecting the increase in the intensity of the absorption
bands of lead oxide (PbO) in 419 cm−1, of lead dioxide (PbO2) in 617 cm−1, of
goethite (α-FeOOH) in 881 cm−1, of antimony oxides, and the formation of bidentate
sulfates in coordination with the metal with four absorption bands identified by
infrared.

Keywords Jamesonite · Surface · Infrared · Flotation

Introduction

Jamesonite is one of the most important mineral sulfides for obtaining metallic anti-
mony, since it contains 30 to 40% antimony [1]. It is generally composed of 35.4%
antimony (Sb), 21.7% sulfur (S), 2.7% iron (Fe), and 40.2% lead (Pb). The formula
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for jamesonite is Pb4FeSb6S14 and it is considered to form a solid solution of anti-
mony sulfide and lead sulfide, and therefore the formula could also be written as
4PbS·FeS·3Sb2S3 [2, 3]. Each species is part of the crystalline structure and cannot
be separated by physical means such as grinding or flotation [4].

The lead concentrates obtained by conventional flotation technologies contain
mixtures of jamesonite and galena, which are sent directly to the smelting plants,
or it is processed through hydrometallurgy for the separation of both phases, which
leads to high consumption of energy [5, 6]. The flotation separation of polymetallic
mineral sulfides from gangue is a subject that has been extensively studied. However,
obtaining separate concentrates of jamesonite and galena is a poorly discussed topic
[7]. The buoyancy of jamesonite is like that of galena [8]. Due to this, it is necessary
to study the behavior of the flotation, activation, and depression of this mineral, prior
to its selective separation.

During the last decades, there have been many studies on the buoyancy and the
factors influencing the flotation of jamesonite [8–10], for example, has been investi-
gating the use of five extracts of tannin from different trees, finding that larch tannin
is the best reagent to improve the flotation of jamesonite [8]. In addition to consid-
ering chemical reagents that activate the surface of the mineral, it must be taken
into account that during grinding, there is the galvanic contact between the grinding
media and theminerals of the pulp, during this stage a carry out a number of reactions
oxide-reduction and are the origin of the presence of metal ions in the pulp, one of the
most abundant being iron and its surface adsorption or the formation of precipitates
can negatively influence the separation of the valuable minerals.

The presence of hydrolyzed Fe3+ iron in the feed pulps of the flotation circuits
is a common problem in the mineral-processing industry. The different solid iron
species that can be found in flotation pulps are goethite (α-FeOOH), lepidocrocite (γ-
FeOOH), and akaganeite (β-FeOOH), among others and depending on the chemistry
of the pulp, these species are hydrophilic and they become adsorbed to the surfaces
of sulfides, causing a decrease in the hydrophobicity of the mineral, and directly
influencing the flotation efficiency [11, 12].

To propose the optimal chemical conditions and an approach for the selective
separation of jamesonite from galena, it is required to study separately the flotation
of jamesonite without and with a collector and in the presence of different concentra-
tions of inorganic depressants [13, 14]. From the above, the importance of flotation
and separation of the mineralogical phases of jamesonite and galena is denoted, to
mitigate environmental and economic problems. For this reason, this research work
addresses the study of the activating or depressor effect on the presence of iron Fe3+

ions, in the flotation of jamesonite, results that can be applied in establishing the
conditions of selective separation of these minerals.
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Experimental Methodology

To perform the analysis of the surface modification of jamesonite during flotation,
a jamesonite mineral was used with an appearance consisting of a single miner-
alogical phase, from the Carrizal mine located in Zimapán, Hidalgo Mexico. The
mineral obtained in its entirety was pulverized in an agate mortar to a micrometric
size. To characterize the mineral, X-ray diffraction, scanning electron microscopy in
conjunction with SEM–EDS energy dispersion microanalysis were used, as well as
elemental mapping and Fourier transform infrared spectroscopy FTIR.

For all the experimental tests, deionized water was used. To evaluate the effect of
the ion concentration (Fe3+) in the flotation without and with collector was employed
a ferric sulfate salt (Fe2(SO4)3* nH2O), 60 mg/L methyl isobutyl carbinol (MIBC)
as frother agent and 60 mg/L potassium amyl xanthate ((CH3)2CHCH2OCSSK).
Reagents provided by Alkemin S.A. de S.R.L. The tests were carried out in a 1 L
laboratory Denver flotation cell, equipped with a diffuser and an impeller, both made
of polypropylene material, the pulp inside the cell was kept under constant stirring
of 1200 rpm.

During the conditioning of the pulp at the beginning and at the end of the flotation,
the pH of the pulp and the oxide-reduction potential (ORP) mV were measured,
using a KCl internal solution electrode coupled to a Thermo Scientific Orion 3 Star
potentiometer calibrated to the start of floating.

A volume of 1 L of deionized water was used in each jamesonite flotation test.
The conditioning of the pulp was carried out inside the cell and initially the pH and
the ORP of the water were measured. Subsequently, 8 g of mineral were added, after
3 minutes of conditioning the frother agent, methyl isobutyl carbinol (MIBC) in a
concentration of 60 mg/L, was added. Subsequently, the stoichiometric proportion
of the salt was added, to have concentrations of 25, 50, and 75 mg/L of the metal ion
(Fe3+) with and without xanthate. Once the metal salt was dissociated, the physico-
chemical properties that characterize the flotation process were measured. Figure 1
shows the flow chart of the experimental procedure.

After the conditioning time, the flotation test was started obtaining concentrates
in times of 0.5, 1, 2, 4, 6, 8, and 10 min, the foam flotation was received in containers
of inert material, previously weighed wet concentrate was allowed to dry at room
temperature, and the flotation weight percent was calculated using Equation 1

%w/wF = Wc − Wv

8
∗ 100 (1)

where Wc is the weight of the recipient containing the dried jamesonite mineral
particles collected at each float time, Wv is the weight of the empty container, eight
(8) is the number of grams of mineral used in each test, and 100 to express the value
as % w/w F is the floatation weight percentage. A precision balance was used for
weighing the containers.



434 M. R. Pérez et al.

Flotation cell
+ water 

Ore; 8 g•
•
•
•

Frother; 60 mg/L 
Ferric ion; 25, 50 and 75 mg/L 
With (60 mg/L) or without xanthate 

measurement
pH
Oxide reduction Potential

Flotation test

Dry and weigh the concentrate  

Analysis via FTIR  

Fig. 1 Flow sheet of the experimental procedure

The particles obtained in 0.5 min of flotationwere characterized by infrared spec-
troscopy to determine the surfacespeciation and in this way identify the phases that
depress or activate surfaceof the jamesonite mineral in the presence of different
concentrations of iron.

Results

Characterization of the Jamesonite Mineral

Figure 2 shows the X-ray diffraction spectrum of the jamesonite mineral, which
confirms that it consists of a single crystalline phase identified with the PDF 96-901-
2801 diffraction pattern as jamesonite, with a monoclinic crystal structure.

Figure 3 shows an SEM micrograph, elemental mappings, and semi-quantitative
chemical analysis by energy dispersion microanalysis of the mineral jamesonite.
Particles with a morphology made up of elongated crystals with smooth edges that
fracture in the form of striae or needles are observed where one of their ends is
at a right angle, the elemental mappings show the distribution of the elements that
constitute the mineral of jamesonite, and in this analysis it was possible to detect the
presence of zinc.

About Fourier transform infrared spectroscopy (FTIR), this technique was used
to determine the species that have covalent bonds and are not detectable by XRD or
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Fig. 2 X-ray diffraction spectrum (XRD) of jamesonite mineral

SEM–EDS. Figure 4 shows the FTIR analysis of the jamesonite particles. The band
at 1648 cm−1 indicates the adsorption of OH− ions The spectral region between
1000 and 1200 cm−1 corresponds to the formation of sulfate ion, where the main
band is the ion sulfate, which can split into three or four adsorption bands, so that
the sulfate ion formed is incorporated into the metal of the sulfosalt mineral in the
form of mono- or bidentate compounds.

The absorption band at 670 and 876 cm−1 is assigned to the stretching vibration
mode of the Fe–O bond of goethite (α-FeOOH), and the signals at 545 and 1407 cm−1

are attributed to the Sb-O bonds of Sb2O3, while those found at 419, 435, 829, and
1242 cm−1 indicate the presence of Pb–O bonds.

Flotation and surface modification of jamesonite

The presence of Fe3+ in the pulps fed to the flotation circuits is a common problem in
the mineral-processing industry. Due to the galvanic reactions that take place during
the grinding between the forged steel media and the mineral sulfides that contain
iron, such as pyrite (FeS2), chalcopyrite (CuFeS2), pyrrhotite (FeS), and jamesonite,
among others, they induce oxidation iron of the steel of the grinding medium to Fe2+

[15]. That, due to the chemical and thermodynamic conditions of the pulp, this ferrous
ion continues to oxidize, passing to Fe3+ which hydrolyzes forming different solid
iron species, such as goethite (α-FeOOH), lepidocrocite (γ-FeOOH), and akaganeite
(β-FeOOH), among others depending on the pulp chemistry [11, 12]. Due to this, in
this experimental work, the effect of the concentration of ferric ion (Fe3+) is studied
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Fig. 3 SEM, EDS, and elemental mapping image of jamesonite ore

in the presence and absence of flotation collector, potassium amyl xanthate, with a
slightly acidic pH.

Figure 5 shows results of the flotation of jamesonite with different concentrations
of ferric ion, as well as in the presence of xanthate as a collector. It should be
mentioned that, except where indicated, the flotation of jamesonite was carried out
only using 60 mg/L of frother agent. It is observed that, in the absence of ferric
ion Fe3+, the collectorless flotation of jamesonite reaches 72% w/w of cumulative
separation. Whereas, when there is a ferric ion concentration of 25 mg/L as ferric
sulfate, it favors the flotation of jamesonite reaching a cumulative percentage of
79%. However, increasing the concentration of the ferric ion decreases the recovery
of jamesonite, and these tests were performed at slightly acidic pH.

Under these conditions, the reactions that occur superficially between the ironFe3+

which precipitated as iron oxyhydroxide, on the jamesonite, depressing flotation.
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Fig. 4 Infrared spectrum of the Jamesonite mineral

Fig. 5 % w/w cumulative flotation of jamesonite versus time (min). Effect of the ferric ion Fe3+
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Similarly, with the addition of 60 mg/L of xanthate to the pulp and containing ferric
ion at a concentration of 75mg/L, the flotation of jamesonite is depressed, and there is
64%w/wof flotation. In the literature, it ismentioned that iron oxidation species from
sulfides and grinding media inhibit xanthate adsorption, which negatively impacts
flotation [15].

As it happens in this work, for the Fe3+ concentration of 75 mg/L, the collector
adsorption is inhibited, and the separation efficiency decreases. The inhibition of
xanthate adsorption to the surface of the jamesonite mineral was verified, as shown
in Fig. 4 previously presented, for the flotation test without the addition of ferric ion
and using only 60 mg/L of xanthate and frother agent, a flotation efficiency of 80%
w/w of cumulative flotation was achieved. This test was carried out at an initial pH
of 6.74.

To identify the effect of the ferric ion Fe3+ on the surface of jamesonite during
the flotation tests, the particles were characterized by Fourier transform infrared
spectroscopy. Figure 6 shows the IR spectra of the collectorless flotationof jamesonite
particles in the absence of Fe3+ (72% w/w F) and in the presence of 25 mg/L Fe3+

(79% w/w F), 50 mg/L of Fe3+ (67% w/w F), with 75 mg/L of Fe3+, and 60 mg/L
of xanthate (64% w/w F) and only containing 60 mg/L (80% w/w F) of xanthate. In
the spectral zone corresponding to sulfur, there is the division of the main band of
the sulfate ion into two bands and a weak absorption shoulder at 1051, 1088, and
1114 cm−1.

The band at 881 cm−1 is attributed to the mode of vibration of the Fe–O bonds of
goethite (α-FeOOH), also expressed as Fe2O3 * H2O. At 1631 cm−1, the absorption
band is assigned to the bending mode of the OH- bond, which displaces the S22− ion
from the surface of the jamesonite mineral, the IR spectra presented show intense
bands of the OH− ion. At 1247 and 542 cm−1, absorption bands are found corre-
sponding to the Sb-O bonds of Sb2O3, the band 1247 cm−1 is only presented for the
analysis that contains 25 mg/L of Fe3+, in about 1384 cm−1 and 1400 cm−1. There
is an intense band that represents the S=O bonds, this band generally occurs when
the flotation system contains xanthate. Absorption bands at 459 cm−1, 617 cm−1

indicate the presence of lead oxides (PbO2) with the Pb–O bonds.
When the flotation pulp contains 75mg/L and 60mg/L of xanthate, the superficial

depression of the jamesonite occurs at pH 7.21, as can be seen in Fig. 5 and this is
mainly due to mechanisms of iron oxide formation, such as goethite (α-FeOOH)
represented by the binding band at 881 cm−1, to the formation of antimony oxides
(Sb2O3) band at 1051 cm−1 and the presence of sulfates with a single absorption
band in 1088 cm−1. Whereas when jamesonite floats in the presence of xanthate
at pH 6.74 in the absence of ferric ion, it indicates mechanisms of formation of
bidentate metal sulfate complexes where the metal binds with two oxygens, repre-
sented by the formation of four absorption bands in 1033, 1053, 1114, and 1163 cm−1.
Xanthate promotes the hydrophobicity of the particle to a greater degree, minimizing
or canceling the formation of metal oxides, and the adsorption of xanthate is identi-
fied by the band at 1384 cm−1. Figure 6 presents the IR spectrum of the flotation test
with 50 mg/L of Fe3+ which in these conditions depresses the collectorless flotation
of jamesonite, due to the mechanisms of formation of lead oxides PbO, PbO2, with
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Fig. 6 Infrared spectra of the floating jamesonite in the absence and presence of Fe3+ and xanthate

absorption bands in 419 cm−1, 459 cm−1, and 542 cm−1, respectively as well as
by effect of the mechanisms of formation of bidentate sulfate compounds with four
absorption bands. While the Fe3+ concentrations of 75 mg/L in the flotation pulp
at pH 7.21 depresses the separation of jamesonite, even being in the presence of
60 mg/L of xanthate the cumulative flotation is 64% w/w. This is due to the increase
in the intensity of the absorption bands of lead oxide (PbO) by 419 cm−1, of lead
dioxide (PbO2) by 617 cm−1, of goethite (α-FeOOH) by 881 cm−1, of antimony
oxides in 1033 cm−1, and the formation of bidentate sulfates in coordination with
the metal with four absorption bands.
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Discussion

The flotation of jamesonite can be carried out in the absence of collector, achieving a
72% w/w separation, the particles analyzed by FTIR show a surface containing Pb–
O bonds, Lead (II) and (IV) oxide, Fe–O from goethite, Sb-O from Sb2O3, sulfate
ion with weak absorption bands indicating the beginning of the division of the main
band, and the presence of the hydroxide ion OH-. The addition of 25 mg/L of Fe3+
to the flotation pulp leads to an improvement in the % w/w of flotation reaching
79% due to the dissolution of the Pb-O bonds and the increase in the intensity of
the Sb-O bonds detected in 535, 598, 1051, 1247 , and 1401 cm-1, as well as the
presence of Fe–O and S-O bonds of the sulfate ion and the increase in the intensity
of the OH- band. The rise of the concentration of Fe3+ (50 mg/L) decreases the
separation efficiency, having a maximum of 67%, and this is due as observed in Fig
6 to the dissolution of the bonds formed by Sb-O and Fe–O. The division of the
main band of the sulfate ion into four absorption bands was also found, and this
indicates the formation of bidentate compounds linked to the metal. The increase in
the concentration of the ferric ion (75 mg/L) and despite the presence of xanthate
(60 mg/L), a lower flotation efficiency (64% w/w) is obtained, due to the dissolution
of the band Fe–O, the decrease of the Sb-O binding bands. The presence of the
xanthate ion is detected in 1384 cm−1.

Conclusions

The analysis of the surface modification of jamesonite during flotation with and
without a collector, in the presence of Fe3+ ions, was addressed. It was found that the
use of 25 mg/L of ferric ion acts as an activator during flotation without a jamesonite
collector, obtaining a 79% w/w separation. Higher concentrations (75 mg/L of Fe3+)
do not increase efficiency, even though in the presence of 60 mg/L of xanthate, the
cumulative flotation is 64%w/w. This is due to the surfacemodification, detecting the
increase in the intensity of the absorption bands of lead oxide (PbO) in 419 cm−1, of
lead dioxide (PbO2) in 617 cm−1, of goethite (α -FeOOH) in 881 cm−1, of antimony
oxides, and the formation of bidentate sulfates in coordination with the metal with
four absorption bands identified by spectroscopy infrared.
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Synthesis and Electrical and Magnetic
Characterization of Electroceramics
Type Ba1−xEuxTi1−x/4O3 (x = 0.001
and x = 0.005% by Weight Eu3+)

J. P. Hernández-Lara, M. Pérez-Labra, A. Hernández-Ramírez,
J. A. Romero-Serrano, F. R. Barrientos-Hernández, J. C. Juárez-Tapia,
M. Reyes-Pérez, and V. E. Reyes-Cruz

Abstract In this work, the synthesis of solid solutions type Ba1−xEuxTi1−x/4O3 (x
= 0.001 and x = 0.005% by weight Eu3+) and its subsequent determination of elec-
trical and magnetic properties were carried out. The samples were synthesized by
the conventional solid-state reaction method. The grinding of the BaCO3, TiO2, and
Eu2O3 precursor powders was carried out in an agate mortar with acetone as a control
medium. The powders were mixed and calcined at 900 °C and then green pellets
were manufactured which were sintered at 1350 °C for 5 h. The experimental results
obtained by X-ray diffraction showed the presence of tetragonal BaTiO3 phase in the
BaTiO3 sample doped with Eu3+ x = 0.001 and x = 0.005% by weight. Electrical
measurements (Capacitance and permittivity) and magnetic measurements were
made. Scanning electron microscopy results showed mostly sintered sub-rounded
particles.

Keywords BaTiO3 · Capacitance · Permittivity · Hysteresis

Introduction

With the productionofBariumTitanate (BaTiO3), the current era of dielectric ceramic
materials began. Its high dielectric constant was first reported in the United States
in 1942. This material has now become the basic dielectric material for building
capacitors [1]. BaTiO3 is generally made by reaction of BaCO3 with TiO2 at a
temperature of approximately 1100 °C. Whatever the technique, the current trend
is to produce powders with strict control of purity, Ba/Ti ratio, and particle size,
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which affects the generation of reproducible microstructures and constant dielectric
properties in the sintered product [1].

BaTiO3 is a crystalline ceramic material that at room temperature has a tetragonal
structure and has a ferroelectric behavior, but when this material exceeds the Curie
temperature (Tc), which in this case is close to 125 °C, it undergoes a transformation
to the phase cubic called Perovskite. This symmetric unit cell material is paraelectric
[2], having a Perovskite structure, it presents barium atoms in the corners of a cube;
oxygen atoms fill the face-centered sites and a titanium atom occupies the body-
centered site.

One of the most important properties of ceramic materials is their dielectric
behavior, this property prevents the flow of electric current, which goes beyond
simply providing electrical insulation, since when an electric field is applied, both
positive and negative charges tend to separate. and thematerial is polarized (electrical
polarization) due to electrostatic interaction, appearing electric dipoles [3].

BaTiO3 does not usually havemagnetic properties; however, you canfind ceramics
with magnetic properties of great importance such as ferrites and garnets called
ferromagnetic ceramics. In these ceramics, the different ions have different magnetic
moments, which leads to a net magnetization when applying a magnetic field [4].

Impurities play an important role in balancing the defect chemistry of perovskite-
type titanates. Because there is no evidence of interstitial impurities, only substitu-
tional impurities are considered. Isovalent substitutional impurities have no effect on
defect concentration, because they do not change local charge. On the other hand,
anisovalent substitutional impurities, those whose charge differs from the ions being
replaced, require the formation of opposite charge compensation defects to maintain
total charge neutrality [5–8].

In this investigation, the results of X-ray diffraction, electrical properties (capac-
itance and relative permittivity), and magnetic (hysteresis) are reported, as well
as scanning electron microscopy of the solid samples type Ba1−xEuxTi1−x/4O3 (x
= 0.001 and x = 0.005% by weight Eu3+) synthesized by the solid-state reaction
technique.

Experimental Methodology

Solid solutions like Ba1−xEuxTi1−x/4O3 (x = 0.001 and x = 0.005% by weight Eu3+)
were synthesized using the solid-state reaction method. The precursor powders
BaCO3 (Sigma-Aldrich CAS 513-77-9, 99.9%), TiO2 (Sigma-Aldrich, CAS No.
13463-67-7 99.9%), and Eu2O3 (Sigma-Aldrich, 99.9%) were dried at 300 °C in
a LINDBERG Muffle for 4 h. Subsequently, they were ground in an agate mortar
with acetone as a control medium for 25 min. The mixture of powders is placed
in an alumina crucible and calcined at 800 °C for 12 h. Subsequently, the sintering
of the mixtures was carried out at 1300 °C in a titanium crucible using a heating
ramp of 4 °C/min. Once the sintered material had been obtained, the manufacture
of green pellets with a diameter of 10 mm and a thickness of 5 mm was carried out
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in a stainless-steel die and a hydraulic press. Next, the pellets were sintered on an
alumina plate at 1350 °C for 5 h in a FURNACETHERMOLYNEmodel 46,200 oven,
using a heating ramp of 4 °C/min. The electroceramics obtained were characterized
by X-ray diffraction, electrical measurements (capacitance, relative permittivity),
magnetic (hysteresis), and scanning electron microscopy.

Results and Discussion

X-Ray Diffraction

The X-ray diffraction patterns corresponding to the sintered samples with x = 0.001
and x = 0.005% by weight Eu3+ at 1350 °C are shown in Fig. 1. It can be seen that
there is no presence of the species corresponding to precursor powders. However,
the consolidation of Tetragonal BaTiO3 (JCPDS 05-0626) is seen in positions 2θ ≈
21.94°, 31.49°, 38.81°, 45.20°, 50.93°, 56.17°, 65.83°, 70.42°, 75.16°, 79.43°, and
83.68°. The highest intensity peak can be observed at 2θ ≈ 31.49°.

It should be mentioned that secondary phases were not detected in these samples
due to the low concentrations of the Eu3+ dopant used, thus ensuring the doping
of the compound without exceeding its solubility limit. Jankowska-Sumara et al.
[9] mention that for concentrations lower than 3% of dopant, rare earth ions are

Fig. 1 Diffractograms of the sintered samples at 1350 °C with x = 0.001 and x = 0.005% by
weight Eu3+
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incorporated into the A site of perovskite and act as donor impurities, which gives
rise to ferroelectric properties.

Electrical Properties

Capacitance

The obtained capacitance values were measured at 120 Hz frequency. This value was
chosen taking as reference the results obtained by West et al. [10] for BaTiO3 base
ceramics doped with La3+.

Figures 2 and 3 show the capacitance curves obtained for the compositions x =
0.001 and x = 0.005% by weight Eu3+. The maximum value of capacitance obtained
was 2799 pF in the sample with x = 0.001% in weight Eu3+ registering the Curie
temperature value of 103 °C, it should be mentioned that in the frequency used a
change in slope is observed at 165 °C, approximately, and as the frequency increases
the capacitance decreases.

For the sample with x = 0.005% by weight (Fig. 3), the obtained capacitance
registered a maximum value of 1187 pF at 120 Hz, and at a Curie temperature of
102 °C in this sample there is also a change in slope approximately at 140 °C from
which the capacitance takes on increasing values again. It is important tomention that
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Fig. 2 Capacitance versus temperature for the sample with x = 0.001% by weight Eu3+
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Fig. 3 Capacitance versus temperature for the sample with x = 0.005% by weight Eu3+

it is desirable to lower theCurie temperature ofBaTiO3 (120 °C) to room temperature.
The Curie temperature is the temperature above which a ferroelectric body loses its
electrical properties, behaving like a purely paraelectric material, so this change is
expected to occur at temperatures that tend to be room temperature.

Relative Permittivity

Figure 4 shows the results of relative permittivity ( 1) or dielectric constant obtained
at 120 Hz frequency for samples with x = 0.001 in Eu3+ weight. The maximum value
of relative permittivity for x = 0.001% by weight Eu3+ was 6149.30 and having a
Curie temperature 103 °C. For x = 0.005% by weight Eu3+, the maximum relative
permittivity was = 2866.89 at 120 Hz, with a Curie temperature of 102 °C (Fig. 5).
In this sample, a change in slope is observed approximately at 165 °C from which
the relative permittivity takes increasing values.

Magnetic Properties

Figure 6 shows the magnetic hysteresis curve of BaTiO3 doped with Eu3+ for the
composition x = 0.001% by weight Eu3+, from which it is obtained that, at room
temperature, this material presents a ferromagnetic order in which magnetic satura-
tion is reached. Specific Ms = 5.80 emu/g applying a magnetic field close to 3.92 ×
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Fig. 6 Magnetic hysteresis curves for the sample with x = 0.001% by weight Eu3+

106 Oe and a remanent magnetizationMr= 0.22 emu/g, and this value is obtained by
extrapolating the saturation behavior of the magnetic hysteresis curve on the magne-
tization axis. These values indicate that BaTiO3 with x = 0.001% by weight Eu3+

shows a ferromagnetic behavior and low coercivity, 0.060 × 106 Oe.
Figure 7 shows the magnetic hysteresis curve of BaTiO3 doped with Eu3+ for

the composition x = 0.005% by weight Eu3+, and it presents a specific saturation
magnetization Ms= 9.92 emu/g applying a magnetic field close to 2× 106 Oe and a
magnetization remnantMr= 1.16 emu/g. These values indicate that the compositions
show a tendency to paramagnetic behavior due to the decrease in the magnetization
values and with the increase in the dopant (Eu3+) it is more evidently compared to
the sample with x = 0.001% by weight of Eu3+ (Fig. 6).

Scanning Electron Microscopy

The scanning electron microscopy analyses reported in this section were performed
on sintered samples at 1350 °C for 5 h for compositions of x = 0.001 and 0.005%
weight Eu3+ (Fig. 8a, b), respectively.

In Fig. 8a, b, the morphology of the sample can be observed with x = 0.001%
weight Eu3+ using an acceleration voltage 5.0 kV and a magnification of X 10,000.
The micrograph shows individual particles and aggregates with various sizes with
most grains tend to sphericity. It can also be noted that the microstructure is partially
homogeneous. These individual particles are very similar to those reported by
Hernandez-Lara et al. [11] and Barrientos Hernandez et al. [12] who carried out



450 J. P. Hernández-Lara et al.

-4 -3 -2 -1 0 1 2 3 4

-8

-4

0

4

8

Applied Field (MOe)

M
ag

ne
ti

za
ti

on
 (

em
u/
g)

Fig. 7 Magnetic hysteresis curves for the sample with x = 0.005% weight Eu3+

a) b)

Fig. 8 Micrograph of the samples: a x = 0.001% weight Eu3+ and b x = 0.005% weight Eu3+

sintered at 1350 °C

studies on BaTiO3 doped with Gd and Nb and attributed the increase in grain size to
the increase in the amount of dopant used in the synthesis, the grains are spherical
in shape with random orientation and agglomerates are formed, as well as porosity
in different areas.
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Conclusions

The conclusions derived from this research work are as follows.
The XRD patterns of the synthesized and sintered pickups at 1350 °C confirmed

the formation of tetragonal BaTiO3 (JCPDS 05-0626) consolidated at positions 2θ ≈
21.94°, 31.49°, 38.81°, 45.20°, 50.93°, 56.17°, 65.83°, 70.42°, 75.16°, 79.43°, and
83.68° which highlights the highest intensity peak at 2θ ≈ 31.49°. The capacitance
obtained in the BaTiO3 samples doped with Eu3+ (x = 0.001 and x = 0.005%weight
Eu3+) showed a tendency to decrease with increasing dopant content and decreasing
Curie temperature without becoming totally paraelectric. It is important to lower
the Curie temperature (120 °C for pure BaTiO3) to room temperature; in this way,
the temperature at which the compound will undergo the transition of crystalline
structure will be lower than in the pure compound, generating spontaneous polar-
ization at lower temperatures. than 120 °C. The relative permittivity in the BaTiO3

samples doped with Eu3+ for x = 0.001% weight Eu3+ was 6149.30 at 120 Hz and a
Curie temperature of 103 °C and for the sample with x = 0.005% weight Eu3+ was
2866.89 at 120 Hz, and Curie temperature of 102 °C. These values show a tendency
to decrease as the dopant content increases without becoming totally paraelectric,
similar to the tendency shown by the capacitance results. The magnetic hysteresis
curves for the BaTiO3 samples doped with Eu3+ x = 0.001, 0.005% by weight Eu3+

show a ferromagnetic behavior at room temperature and reached a magnetization of
saturation Ms = 5.80 and Ms = 9.92 emu/g, respectively. The micrographs showed
individual particles and aggregates of various sizes, a random orientation, and were
mostly grains that tend to sphericity.
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The Collectorless Flotation
of Pyrargyrite, Surface Analysis via FTIR

Martín Reyes Pérez, Zaida Peralta García, Elia Palacios Beas,
Iván. A. Reyes Domínguez, Mizraim U. Flores Guerrero,
Aislinn Michelle Teja Ruiz, Miguel Pérez Labra, Julio Cesar Juárez Tapia,
and Francisco Raúl Barrientos Hernández

Abstract In this work, the study of the collectorless flotation of pyrargyrite is
presented to provide information for the selective separation of this mineral. The
mineral used consists of a single phasewith contents of 59.64%w/wAg, 22.90%w/w
Sb, and 17.46% w/w S. The flotation can be carried out using only 60 mg/L frother
agent. The pHplays an important role and higher flotation efficiency is obtained at pH
6 and 10 with 66% w/w and 67% w/w of separation, respectively. Values pH 2, 2.54,
and 4.97 depress the flotation of the mineral. The surface depression is attributed to
the strong intensity of the absorption bands of the Sb–O bonds, the sulfate ion, and
the hydroxyl ion OH− species that give it a hydrophilic character, bonds determined
by FTIR.

Keywords Pyrargyrite · Collectorless · Infrared · Depression · Activation

Introduction

Pyrargyrite Ag3SbS3 is a sulfosalt-type mineral, with a chemical composition of
59.7% Ag, 22.5% Sb, and 17.8% S, it crystallizes in the trigonal system and is found
in polymetallic epithermal deposits of base metal sulfides [1, 2]. The term sulfosalt
refers to a complex salt that contains oxygen, in pyrargyrite this is replaced by sulfur.
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Sulfosalt minerals have the general formula AxXySz where “S” is for sulfur; “X” is
assigned to Sb3+, As3+, Bi3+, or Te4+; and “A” represents the metal in the structure,
for example, Ag+, Sn2+, Cu+1, Pb+1, Fe2+, Mn2+, and Hg2+ [3, 4].

The color of the pyrargyrite crystals is brown, dark reddish to black with abundant
internal reflections. It has a metallic luster and red streaks [5]. The crystal structure
of this mineral contains covalent antimony–sulfur Sb–S bonds corresponding to
the pyramidal chains of SbS3 [6]. In Mexico, pyrargyrite is found in sulfide-type
mineral deposits in the states of Guanajuato, Zacatecas, and Guerrero [2]. During
the concentration process, the pyrargyrite is separated by flotation together with the
sulfides, mainly with the galena. However, during pyrometallurgical processing, the
silver from pyrargyrite passes into slag and must be reprocessed to recover it, so it is
convenient to study the selective separation of pyrargyrite via collectorless flotation.

Regarding the collectorless flotation, it has been noted from the twentieth century
as a process of separation of sulfide-type minerals, and it is favored when there
is a surface deficient in metal and rich in sulfur [7], this modification superficial
is caused by galvanic reactions that occur between sulfides and iron media during
grinding, causing oxidation of the metallic components of sulfides [8]. Therefore,
a requirement to carry out the collectorless flotation of sulfides is the presence of
elemental sulfur, or layers of polysulfides on the mineral surface [9].

The hydrophobicity of sulfides is an important parameter in the collectorless flota-
tion, and this is affected by both the pH and the pulp potential Eh (V), and therefore
they are parameters that should be studied during the collectorless flotation. The
application of collectorless flotation reduces the use of collector reagents, improves
the degree of concentrate, and influences the number of flotation equipment neces-
sary to achieve maximum separation, and another application is the depression of
gangue minerals. However, for some mineral sulfides, due to their limited flotation,
it is necessary to add a metal ion to improve flotation efficiency [10].

For this reason, in this research work, the collectorless flotation of pyrargyrite
is studied as a function of pH (acid and alkaline) and pulp potential Eh in order
to provide information for the selective separation of this mineral sulfosalt type, as
well as determining the surface speciation by means of Fourier transform infrared
spectroscopy, to identify the species that depresses or activates the mineral surface
during this process.

Experimental Methodology

To carry out the flotation tests, a pyrargyrite mineral with a macroscopic appear-
ance consisting of a single phase was used, from the mineral deposits of Guana-
juato, Mexico, pulverized in an agate mortar. This silver sulfosalt mineral was char-
acterized by X-ray diffraction (XRD), scanning electron microscopy in conjunc-
tion with energy dispersion microanalysis (SEM–EDS), Fourier transform infrared
spectroscopy (FTIR), and size analysis of particle (SAP) by laser diffraction.
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To adjust the pH of the pulp, a solution of sulfuric acid and 1 M NaOH was
used. The flotation tests were carried out in a 1 L stainless steel cell, Denver brand,
consisting of a diffuser and an impeller operated at 1200 rpm, the air to form the
bubbles was controlled by a suction valve. To measure the pH and the oxidation
reduction potential, an electrode with an internal solution of saturated KCl was used,
connected to a calibratedThermoScientificOrion3Star potentiometer before starting
each float test.

The experimental procedure for all the collectorless flotation tests of pyrargyrite
consisted of carrying out the conditioning inside the cell, one liter of deionized water
was placed, then the 60 ppm frother agent, methyl isobutyl carbinol (MIBC) provided
by Alkemin S.A. of S.R.L, plus 4 g of mineral, and finally adjust the pH either acid
(2, 2.54, 4.97, 6) or alkaline (9 and 10), this stage was carried out under constant
stirring and in each addition of reagents a time was given 3-min conditioning. During
each chemical change of the pulp, the pH values and the oxide reduction potential
(ORP) mV were measured and recorded. The measured ORP values were expressed
in reference to the standard hydrogen electrode SHE, by adding +236 mV to the
measured value, as cited in the bibliography [7].

Once the conditioning stage was concluded, the flotation test began and the
concentrates were collected in times of 0.5, 1, 2, 4, 6, 8, and 10 min, in containers of
inert material, which were previously weighed, the collected wet concentrates dried
at room temperature and the percentage by weight (% w/w) at each flotation time
was calculated with Eq. 1.

%w/w F = Wc − Wi

4
∗ 100 (1)

where % w/w F is the percentage of flotation by weight obtained at each time, Wc

is the weight of the container containing the dry mineral particles floated in the
previously established float time, Wi is the weight of the empty container, four is
the number of grams of mineral used in each test, and 100 to express the value as a
percentage. A precision analytical balance was used to weigh the containers.

The particles of the concentrate obtained in times of 0.5 and 10 min of flotation
of most of the tests were characterized by Fourier transform infrared spectroscopy to
determine the surface speciation and, in this way, infer the depression or activation
of the pyrargyrite mineral as a function of pH.

Results

Figure 1 shows the morphology of the pyrargyrite particles that were mounted
in epoxy resin, polished with abrasive, and characterized in SEM in conjunction
with EDS, which also presents the elemental mapping of the pyrargyrite mineral



456 M. R. Pérez et al.

Element % w/w 
S 17.46 

Ag 59.64 
Sb 22.90 

S 

bSgA

Fig. 1 SEM micrograph, elemental mapping, and energy dispersion microanalysis of pyrargyrite

used for the flotation tests without collector, thus as the semi-quantitative chem-
ical composition. Elongated sharp-edged particles are observed with a constituted
semi-quantitative chemical composition of 17.46% w/w sulfur (S), 59.64% w/w
silver (Ag), and 22.90% w/w antimony (Sb), oxygen is not quantified; however, it is
detected in the EDS spectrum of Fig. 1.

Figure 2 shows the X-ray diffraction spectrum (XRD) of pyrargyrite parti-
cles, identified with the Match software with the reference standard 96-101-1163
corresponding to pyrargyrite with a trigonal crystal structure with hexagonal axes.
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Fig. 2 X-ray diffraction spectrum (XRD) of pyrargyrite

Regarding the analysis of the particle size (APS) by laser diffraction of the pyrar-
gyrite obtained in the final pulverized and which was used for the flotation tests, it
indicates a mean population of 47.9 microns (µm).

Regarding the characterization by infrared spectroscopy of the pyrargyrite used
for the flotation tests, it is presented in Fig. 3.Multiple absorption bands are observed
derived from the surface alteration of the mineral during pulverized. The sulfur of
pyrargyrite undergoes surface modification due to the division of the main sulfate
band located 1200 cm−1, into three absorption bands at 1001, 1052, and 1117 cm−1

indicating the formation of compounds of sulfur bonded to themetal in amonodentate
way with three absorption bands.

While the bands at 537, 610, 658, 797, and 1405 cm−1 shown in Fig. 3 indicate
the presence of surface bonds of Sb–O of the Sb2O3 compound. In 1630 cm−1, the
band assigned to the OH bond is found; this is due to the molecular absorption of
water to the surface of the mineral. The band at 419 cm−1 may be attributed to the
Sb2S3 bonds.

Figure 4 shows the behavior of the cumulative flotation % w/w of pyrargyrite as a
function of pH, after 10 min of flotation. It should be remembered that flotation was
carried out in the absence of a collector using only a frother concentration [e] of 60
PPM, two zones are distinguished, when flotation is carried out at acidic pH (2, 2.54
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Fig. 3 Infrared spectrum of pyrargyrite mineral

and 4.97) with efficiencies of recovery less than 58% w/w and when carried out at
slightly acidic pH 6 and alkaline pH 10 with cumulative recoveries of 67% w/w.

This indicates that, under these chemical conditions at a pH greater than 6, the
surface of the pyrargyrite has greater hydrophobicity, verified with the greater sepa-
ration achieved. Therefore, the pH of the pulp acts as a depressant medium for the
surface of pyrargyrite, decreasing the recovery at strongly acidic pH values, which
leads to a reduction in the hydrophobicity of the mineral.

During the flotation tests, the pH value was measured. When the initial pH is
very acidic (2 and 2.54), it practically remains unchanged at the end of the test.
Meanwhile, when the collectorless flotation pH is 4.97 and 6.09 at the end of the
tests, the pH of the pulp tends to increase, and this due to the generation of OH− ions
as indicated by reaction 2.

O−
2 aqueous + H+ + e− = OH− �G◦ = −41.493 Kcal (2)

whereas when the initial pH is very alkaline (9 and 10) it tends to decrease at the
conclusion of the flotation, and this is because of the decomposition of the water
molecules into gaseous oxygen and hydrogen ion as it occurs in the reaction (3).

H2O = O2 + 4H+ + 4e− �G◦ = −56.678 Kcal/mol (3)
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Fig. 4 % w/w cumulative flotation of pyrargyrite as a function of pH

Along with pH, the oxide reduction potential (ORP) mV is also monitored during
conditioning and flotation. Pulp potential is an important parameter in flotation
processes and together with pH they control the increase or decrease in flotation
efficiency. For this research work of collectorless flotation of pyrargyrite, highly
oxidizing potentials greater than +450 mV depress the mineral surface and decrease
the percentage of flotation, while the optimal Eh where the maximum recovery of
pyrargyrite occurs is at +100 mV.

To carry out the analysis of the surface of the pyrargyrite obtained in the flotation,
the particles concentrated in 0.5 min of flotation were generally analyzed, and for
this, an amount of 0.003 g was used mixed with 0.3 g of potassium bromide KBr-
grade FTIR which were compressed into a tablet, which was placed in the equipment
and the analysis was carried out. Figure 5 shows the spectra of the initial pyrargyrite
without treatment and that obtained in 0.5 min of flotation at initial pH 9 and 10. It
should be mentioned that the maximum separation efficiencies for these tests were
62% w/w and 67% w/w, respectively.

Similarity is observed in the absorption bands found for these tests; this is related
to the little difference in the percentage of recovery obtained. The Sb–O bonds
produced by the oxygenation of the pulp and the chemical conditions presentmultiple
absorption bands located at 529, 595, 692, 777, and 1316 cm−1, and some of these
bands are not located in the spectrum of pyrargyrite floated at pH 9.
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Fig. 5 IR Spectra of pyrargyrite fresh and concentrated at 0.5 min pH 9 and 10

The bands located between 1000 and 1200 cm−1 correspond to the S–O bonds of
the sulfate ion, and from Fig. 5 it is contemplated that the particles floating at pH 10
exhibit low intensity absorption bands, around 1036 and 1080 cm−1, while for the
pyrargyrite floating at pH 9 and 0.5 min, the beginning of the division of the main
band is presented, which indicates the formation of sulfate-type compounds coordi-
nated with the metal, and the presence of three bands shows the metal coordinated
with oxygen in a mono-toothed manner [11, 12] which as a first approximation can
influence the decrease in flotation efficiency.

At 1634 cm−1, the presence ofwatermolecules bound to themineral surface by the
band corresponding to the hydroxyl ions OH− was detected. It has been previously
described in the literature that duringflotation the hydration of the surfaces of sulfides,
minerals are carried out due to the reaction of dissolved oxygen as indicated in Eq. 2
which leads to the formation of a variety of oxidized species leading to have a
hydrophilic surface and affecting the success of flotation [13].
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Conclusions

Collectorless flotation of pyrargyrite can be carried out over a wide range of pH and
pulp potentials Eh. The optimum pH for flotation is greater than 6.0 and a 66.4%
w/w of flotation is obtained with Eh of+287 mV. At pH 10 values there is a flotation
efficiency of 67.4% w/w with Eh values of +100 mV. While at acidic flotation pH
2, 2.54 and 4.97 the cumulative recovery weight percentages are 53% w/w, 58%
w/w, and 50% w/w, respectively, with pulp potentials of +345 mV, +476 mV, and
+506 mV. The surface alteration, that is, the change from a mostly hydrophobic
to a hydrophilic surface of the pyrargyrite analyzed by FTIR, indicated that the
intensity of the binding bands of Sb–O, sulfate ion, and OH− ions increases on the
mineral surface. This formation of oxides and hydroxides and sulfates is greater on
a hydrophilic surface, which negatively influences flotation efficiency.

Acknowledgements To the Autonomous University of the State of Hidalgo, to the PRODEP
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References

1. Harlov DE, Sack RO (1995) Ag–Cu exchange equilibria between pyrargyrite, high-skinnerite,
and polybasite solutions. Geochim Cosmochim Acta 59:867–874

2. GarcíaME, Querol SF, Lowther GK (1991) Geology of the Fresnillomining district, Zacatecas.
In: Salas GP (ed) Economic geology, Mexico, GSA DNAG, vol 438, pp 383–394

3. Kostov I (1978) Sulphosalt minerals: crystal chemistry andmorphology. Krist Tech 13(4):449–
458

4. SherifK, Stanislav J (2016)Raman spectroscopyof thePb-Sb sulfosaltsminerals:Boulangerite,
jamesonite, robinsonite and zinkenite. Vib Spectro 85:157–166
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The Elastic Constants Measurement
in a Medical TI–6AL–4V ELI Alloy
by Using Ultrasonic Means

Hector Carreon and Maria Carreon-Garcidueñas

Abstract In this paper, we report the calculation of the elastic constants such as
Poisson’s ratio, elastic modulus, and shear modulus deduced from the ultrasonic
propagating equationswith two types of ultrasonic vibrations named longitudinal and
transverse waves. The ultrasonic propagating velocity is measured at the microstruc-
tural evolution in a Ti–6Al–4V medical alloy with two varying microstructures,
bimodal and acicular, respectively. The two different initial microstructures were
treated thermally by aging at 515, 545, and 575 °C at different times from 1 min to
576 h to induce a precipitation process. Ultrasonic measurements of shear and longi-
tudinal wave velocities, scanning electron microscopy (SEM) image processing, and
microhardness were performed, establishing a direct correlation with the measure-
ments of the ultrasonic velocity and the elastic properties developed during the
thermal treatment of the artificial aging.

Keywords Elastic constants · Titanium alloys · Ultrasonic velocity

Introduction

Nowadays, many researchers are using ultrasonic nondestructive testing to evaluate
the mechanical characteristics on metallic materials, mainly, due to its accuracy,
besides being fast and very reliable. As we know, the ultrasonic detection methods
are very popular in the medical inspection of the human body for a long time. Several
researchers have focused on Young’s modulus of the bone material or carotid artery
measurement by using the ultrasonic technique [1, 2]. The use of the Ti–6Al–4V
alloy in the biomaterial industry [3] has been accompanied by the need for further
development of characterization techniques to determine themicrostructure-property
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relations in this metallic alloy. It is also of main importance to study the phase
transformations that occur during processing in order to design microstructures that
possess excellent properties specific to these applications. When the Ti–6Al–4V
alloy is over-aged at 500–600 °C, nanometer-sized phases such as α2 (Ti3Al) can
be homogeneously precipitated in the titanium alloy matrix, leading to enhance the
mechanical properties of the metallic material [4]. On the other hand, the study
of ultrasonic wave propagation in metals gives information on the microstructure,
mechanical and physical properties of the material. The quantitative assessment of
microstructural changes and properties can be carried out through the measurement
of ultrasonic parameters such as attenuation and velocity [5]. The ultrasonic wave
velocity depends on the elastic constants and density of the body while ultrasonic
wave attenuation depends on microstructure and crystalline defects [6–8]. In the
present research study, we applied the contact pulse-echo ultrasonic technique using
a buffer media to measure the ultrasonic velocity of the Ti–6Al–4V alloy artificially
aged. Combined with the theory of the ultrasonic propagating equations in a solid
media, the effect of the two microstructures (bimodal and acicular) on the ultrasonic
velocity at different aging conditions was discussed.

Experimental Procedure

The material used in this study was a Ti–6Al–4V ELI alloy plate (thickness:
6.76 mm) and its exact chemical composition is 6.10Al–3.93V–0.17Fe–0.18O–
0.009C–0.005N–0.002H–Ti (wt%). This alloy plate was subjected to different heat
treatments to get acicular and bimodal microstructures. The acicular microstructure
was obtained by holding the material at 1020 °C for 20 min (above the β trans-
formation temperature) followed by furnace cooling. The bimodal microstructure
was obtained by holding at 950 °C (α + β region), for 1 h followed by water
cooling/quenching. These two microstructures were over-aged at 515, 545, and
575 °C for different aging times ranging from1min to 576 h to promote the formation
of very fine α2 (Ti3Al) precipitates. For SEM inspection, heat-treated specimenswere
mounted in Bakelite, ground and polished down to 1μm diamond cloth. Microstruc-
tural features were unveiled using Kroll’s reagent (H2O 100 ml, HF 100 ml, HNO3

100 ml). The size and volume fraction of each phase were measured using an image
analyzer. To evaluate microhardness variations amongst the samples, Vickers hard-
ness measurements were performed by applying a load of 500 g for 30 s on selected
samples. Ultrasonic compressional and transverse velocities were determined by
measuring the time taken for the ultrasonic waves to travel through the titanium
samples. Figure 1 illustrates a schematic diagram of the ultrasonic measurements. A
longitudinal-broadband transducer (Aerotech) with a central frequency of 10 MHz
and diameter element size of 6 mm was used to generate compressional ultrasonic
waves. A shear-broadband transducer (Aerotech) with a central frequency of 5 MHz
and diameter element size of 12mmwas used to generate transverse ultrasonicwaves.
In order to avoid the non-uniform amplitude in the near field of transducer, a buffer
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Fig. 1 Experimental set up for the velocity ultrasonic measurements

rod (fused silica) was employed to provide time delay between the excitation pulse
and echoes returning from the measured simple [9]. The ultrasonic transducer was
mounted on the specimen and excited by a Panametrics 5072PR broadband pulser-
receiver. The ultrasonic signal was digitized and averaged by a LeCroy Wavesurfer
432 oscilloscope and then sent to the computer for further processing.

As we know, the wave propagating equation can be expressed as follows:

∂2u

∂t2
= C2

C

∂2u

∂x2
(1)

Thus, the propagating velocity of the ultrasonic longitudinal wave denoted as CC

is expressed as

C2
C = λ + 2G

ρ
= E(1− μ)

(1+ μ)(1− 2μ)ρ
(2)

When the propagating elastic wave is an ultrasonic transverse wave. The wave
propagating equation can be simplified similarly as

∂2v

∂t2
= C2

S

∂2v

∂x2
(3)

So, the propagating velocity of the ultrasonic transverse wave denoted as CS is
expressed as

C2
S =

G

ρ
= E

2(1+ μ)ρ
(4)
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Combining Eqs. (2) and (4), the elastic constants of the detected material can be
deduced by

μ = 1− 2(CC/CS)
2

2− 2(CC/CS)
2 (5)

E = C2
Cρ(1+ μ)(1− 2μ)

(1− μ)
(6)

G = C2
Sρ (7)

where E is Young’s modulus (GPa),G is the shear modulus (GPa),μ is Poisson ratio,
CC is the compressional velocity (m/s), CS is the transverse velocity (m/s), and ρ is
the density of the sample (g/cm3). From these equations, it is found that the elastic
constants can be calculated after getting the elastic wave propagating velocities and
the material density in two varying medical Ti–6Al–4V ELI alloy microstructures.

Experimental Procedure

Figure 2 shows the SEMmicrographs of the acicular and bimodal microstructures. In
the acicular microstructure, α phase grains (black/dark) have been developed along
prior β grain boundaries (white/bright) and colonies of lath-type β and α lamellar
structure are observed inside prior β grains (Fig. 2a). The colony size, thickness
of α/β platelets, volume fraction of α phase, and volume fraction of β phase were
measured to be 973μm, 5μm, 56% and 44%, respectively. The bimodal microstruc-
ture consists of equiaxed α grains (black/dark) and tempered martensite with a small
amount of residual β (white/bright). The α grain size was measured to be 10 μm,
and volume fractions of tempered martensite, α, and β were measured to be 52, 40,

Fig. 2 SEM micrographs of the a acicular and b bimodal microstructures
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and 8%, respectively, as shown in Fig. 2b. An understanding of the two Ti–6Al–4V
ELI microstructures is essential to interpret the results of the ultrasonic velocities
and elastic constant data. There are some differences in the high-magnification SEM
micrographs of the aged acicular and bimodal microstructures as shown in Figs. 3
and 4. Fine α2 phases of 50–200 nm in size are homogeneously distributed in the α

(black/dark) phases in the acicular microstructure, see Fig. 3. In addition, in the acic-
ular microstructure, the platelet size increases in size significantly with the ageing
and, thus, a higher number density of nucleation sites available for the α2 precipitates
to be formed (Fig. 3a, b). On the other hand, Fig. 4 also shows that the amount of
precipitates increases with respect to the aging time for the bimodal microstructure.
Figure 4a correspond to an aging time of 144 h in which the presence of α2 precip-
itates was observed in the grain boundaries of α (black/dark) phase. The size and
morphology of the intermetallic precipitates α2 remain constant. For the aging time
at 576 h, these α2 precipitates are found in a greater number, being located mainly

Fig. 3 SEMmicrographs of the over-aged acicularmicrostructure at 30000X for 575 °Cbydifferent
aging times a 144 h and b 576 h, showing very fine α2 phases homogeneously distributed in the α

phase

Fig. 4 SEMmicrographs of the over-agedbimodalmicrostructure at 30000Xfor 575 °Cbydifferent
aging times a 144 h and b 576 h, showing very fine α2 phases homogeneously distributed in the α

phase
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in large groups (clusters) within the α matrix, as shown in Fig. 4b. The precipitation
of these α2 (Ti3Al) nanoparticles induces hardening of the Ti–6Al–4V matrix.

Figure 5 shows the variation of Vickers microhardness in the two initial medical
Ti–6Al–4VELImicrostructures: acicular and bimodal as a function of different aging
times at 515, 545, and 575 °C. The microhardness of the bimodal microstructure is
higher than that of the acicular microstructure. This is probably the result of having
the presence of a huge volume fraction of the tempered martensite in the bimodal
microstructure. Themicrohardness results of themedical Ti–6Al–4VELI alloy show
an important tendency to increase in the early aging times at both microstructures.
This phenomena is attributed to the precipitation of α2 (Ti3Al) particles inside the
α phase. This is the result of having a greater volume fraction of the α-phase after
aging in both microstructure and, thus, a higher number density of nucleation sites
available for the α2 precipitates to be formed. The precipitation of these nanoparticles
occurs mainly in the boundary and within the α phase, resulting in an increment of
microhardness values. After 300 h, the hardness data tends to remain constant with
increasing the aging time due to the thickening of the α/β platelets (acicular) and α

grains (bimodal) at expense of the precipitates of smaller sizes.
Figure 6 shows the variations on the young and shear modulus in the acicular

and bimodal microstructures with different aging parameters at the medical Ti–Al–
4V ELI alloy. Young’s and shear modulus were calculated from Eqs. (6) and (7),
respectively, by using the diffraction correction of the ultrasonic compressional and
transverse velocities, ρ = 4.43 g/cm3 andμ= 0.31. Young’s modulus of the bimodal
microstructure is higher than that of the acicular microstructure as shown in Fig. 5a.
Young’s modulus of the bimodal microstructure is higher than that of the acicular
microstructure as shown in Fig. 5b. In general, the ultrasonic velocities were found
to be lower in coarse grain medium [5]. In the acicular microstructure, the α grains
have different orientations from each other (Fig. 2). Strong preference orientation of

Fig. 5 Hardness measurements in the acicular and bimodal microstructures with different aging
parameters in a medical Ti–Al–4V ELI alloy
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Fig. 6 Influence of the artificial aging in a medical Ti–Al–4V ELI alloy on the a Young modulus
and b shear modulus with different microstructures

these α grains increases the morphological anisotropy (acicular) while equiaxed α

grains (bimodal) decrease it. Due to the inverse relation between ultrasonic velocity
and density, increasing in the ultrasonic velocity must be related to increase Young’s
and shear modulus.

From these results, it is evident that the ultrasonic velocity is very sensitive to
the stages of the precipitation process in both Ti–6Al–4V ELI microstructures at
different aging conditions. This is attributed to the fact that the ultrasonic velocities
depend on Poisson’s ratio of the material, which are very sensitive to any phase
transformation and degree of morphological anisotropy [10]. The first stage of the
precipitation (i.e., incubation) influences Poisson’s ratio of thematerial and in turn the
compressional and transverse ultrasonic velocities. The depletion of the precipitate-
forming elements from the matrix induced by aging leads to a decrease in Poisson’s
ratio of at the bimodal medical Ti–6Al–4V ELI alloy microstructures as it is shown
in Fig. 7.

Conclusions

The precipitation behavior in two varying medical Ti–6Al–4V ELI alloy microstruc-
tures (acicular and bimodal) has been studied using microscopy and ultrasonic tech-
niques. The study clearly revealed that the changes of the ultrasonic compressional
and transverse velocities arises mainly from the contrasting in the elastic properties
of α and β phases which are affected by the degree of lattice distorsion and misorien-
tation. The ultrasonic compressional and transverse velocities are more sensitive to
the initiation of the precipitation, whereas the influence of precipitation on hardness
can be felt only after the precipitates attain a minimum size to influence the move-
ment of dislocations. These observations are consistent with the electron microscopy
studies. Finally, the proposed ultrasonic nondestructive method can be used for
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Fig. 7 Influence of the artificial aging in a medical Ti–Al–4V ELI alloy on the Poisson ratio with
different microstructures

the metal material’s elastic constants measurement. Based on the velocity extrac-
tion of the ultrasonic longitudinal wave and transverse wave, the elastic constants
can be calculated in two varying medical Ti–6Al–4V ELI alloy microstructures
conveniently.
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Use of Glass Waste
as a Geopolymerization Reaction
Activator for Ceramic Materials

A. R. G. Azevedo, M. T. Marvila, L. B. Oliveira, D. Cecchin, P. R. Matos,
G. C. Xavier, C. M. Vieira, and S. N. Monteiro

Abstract Geopolymeric materials have been widely studied due to technological
and environmental advantages, which in the case of applications in ceramic materials
is due to the non-need for sintering the parts. Theobjective of thisworkwas to evaluate
the potential of using the glass polishing residue as a constituent element of the
activating solution, together with NaOH, in geopolymerization reactions, aiming at
the production of ceramic artifacts. Specimens were submitted with thermal curing
at 60 °C and ambient temperature of 23 °C with ratio to SiO2/Al2O3 of 3 and 4.
The prepared specimen was evaluated of technological properties such as apparent
specificmass, linear shrinkage,water absorption, andmechanical resistance toflexion
in the specimens. The results showed a potential for application of the glass polishing
residue as a component of the alkaline solution, improving the properties evaluated
when in thermal curing and with a SiO2/Al2O3 ratio of 4.0.
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Introduction

Knowing the wide use of binding materials, in other words, those that have binding
properties and that on contactwithwater or solution formapaste capable of hardening
by simple drying [1, 2], materials such as geopolymers are generated. These are
basically a material with high initial mechanical resistance and resistant to attack by
acids, sulfates, fire, and ice/thaw cycles [3].

Geopolymers, unlike traditional binders, are alkaline activatedmaterials. Alkaline
activation is the synthesis reaction of geopolymers, generalizing, as a hydration
reaction of aluminum silicates present in the mixture. This reaction consists of the
release of Si and Al, when it comes to kaolinitic precursors, where the highly alkaline
medium is necessary, aiming at the formation and stabilization of the new molecular
structure of the material [4].

In addition to showing great potential for alternative material to Portland cement,
geopolymers are also able to behave like ceramic materials without the need to
expose the artifacts to high temperatures, which is a determining factor in the final
quality of the ceramic. Thus, instabilities during the burning process of the material
directly imply the conformity and regularization of the obtained product. Sometimes
maintaining these temperatures can become economically unviable measures [5].

This work seeks to develop a material with properties similar to conventional
ceramics, from the application of known techniques of geopolymerization, as well
as the improvement of its performance with the incorporation of glass polishing
waste, as a constituent material of the activating solution responsible for the alkaline
activation reactions.

Glass is a material that is easy to manufacture and abundant, since its composition
is predominantly in sand, which in turn is rich in silica, around 72% [6]. Silicate-
based activators promote the acceleration of geopolymerization reactions, and this is
due to the fact that silica initiates the reaction with the solution’s free alumina. The
silicate acts in favor of the polymerization process, culminating in a product with a
greater amount of Si and, consequently, with greater mechanical resistance [4]. Thus,
the glass polishing waste has great potential to achieve the objectives proposed by
this work.

Materials and Methods

The paste developed during the research was made from the mixture of the commer-
cialmetakaolin of theHPultra-brand, acting as a precursormaterial, togetherwith the
alkaline solution, acting as an activating material, composed of sodium hydroxide
(NaOH), polishing glass waste, and water, with quantity supplied as proposed by
means of standard NBR 13276 [7] issued by the Brazilian Association of Technical
Standards (ABNT).
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The glass waste incorporated into the alkaline solution comes from the lapidation
process of flat glass. Obtained from the sludge produced during the process, after
drying it becomes solid and petrifies. Thus, for its proper application it was necessary
to grind the material in a ball mill. That done, the material was placed in an oven at
a temperature close to 105 °C, until it reached a constant mass [5]. Then, finally, it
was sieved through the number 40 and 200 sieves, with openings of 0.42 mm and
0.074 mm, respectively.

Samples with SiO2/Al2O3 molar ratios fixed at 3.0 and 4.0 were manually made,
whereupon they were sent to a thermal and conventional curing process, at 60 and
23 °C, respectively. Thus, they were tested according to water absorption tests,
apparent specific mass, linear retraction, and mechanical resistance to flexion [8].

The water absorption test was carried out after 7 days after molding. The speci-
mens are weighed, still dry, and with the aid of a digital scale to then be immersed
in water, where they remain for another 24 h. That done, the specimens are weighed
again, now saturated. In this way, it was possible to calculate the water absorption
rate as shown in Eq. 1.

WA =
(
Msaturated − Mdry

Mdry

)
× 100 (1)

where

WA water absorption;
Msaturated saturated mass; and
Mdry dry mass.

The process previously exposed also allows us to calculate the apparent specific
mass of the material if the mass of the specimen immersed in water is collected, that
is, through Eq. 2.

SM =
(

Mdry

Msaturated − Mimmersed

)
(2)

where

SM apparent specific mass;
Mdry dry mass;
Msaturated saturated mass; and
M immersed immersed mass.

In order to determine the linear retraction rate of the material, with the aid of a
digital caliper, the largest measure of the dimensions of the specimen is collected
after demolding and the curing period has elapsed, in this case, 7 days. Thus, the
relationship between the initial length and the final length allows us to calculate the
rate, using Eq. 3.
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Rl =
(
Li − L f

Li

)
× 100 (3)

where

Rl linear retraction;
Li initial legth; and
Lf final length.

Finally, to obtain the flexural resistance of the masses, they were placed on
supports, with conventional distances where they were subjected to the flexing effort,
with controlled loading speed, bymeans of a hydraulic press under the regionwithout
the supports. In this way, with the data collected from the test, it is possible to
calculate, in MPa, the flexural strength of the paste, using Eq. 4 [8].

R f =
(
1, 50× L × F

b × h2

)
(4)

where

Rf mechanical strength to flexion (MPa);
L distance between the supports;
F supported tension by the specimens;
b base measurement of the specimens; and
h height of the specimens.

Result

Figure 1 shows the results of the water absorption test performed on the samples. As
expected, there is a general tendency to reduce absorption rates as the SiO2/Al2O3

molar ratio increases. Therefore, the molar ratio samples 4.0 present more coherent
results. Making a parallel between the samples, those that were subjected to thermal
curing, presented higher absorption rates, thus, in this aspect, conventional curing at
room temperature became more effective and pertinent [9]. Therefore, the best result
was of composition 4.0 submitted to curing at room temperature, reaching around
1.37% of water absorption rate [10].

The results obtained by the apparent specific mass test of the pastes are shown
in Fig. 2. It can be seen that, as in the previous test, the molar ratio has a ratio
inversely proportional to the apparent specific mass, given in g/cm3. Therefore, the
most coherent would be to adopt the composition 3.0, which has a higher specific
mass, which implies a less porous and mechanically more resistant material [11,
12]. The samples submitted to thermal curing showed higher values of specific mass
when compared to the samples that were cured at room temperature, reaching around
1.75 g/cm3, while the others were around 1.49 g/cm3 [13].
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Fig. 1 Result of the water absorption test

Fig. 2 Result of the apparent specific mass test

The results of the linear retraction tests can be seen in Fig. 3. This shows us a
trend of decreasing linear retraction as the SiO2/Al2O3 molar ratio increases. It is
also possible to notice that the thermal cure increased the rates of linear shrinkage,
which differs from the behavior desired by this work [14, 15].
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Fig. 3 Result of linear retraction test

Figure 4 refers to the results of the flexural strength test to which the samples were
submitted. The curves plotted in the graph show us that the samples of composition
3,0 achieved higher resistances, as well as those that were subjected to thermal
curing, these being the most coherent results according to the desired, reaching
around 1.75 MPa [16–18].

Fig. 4 Results of the mechanical strength to flexion tests
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Conclusion

In this work, we sought to develop a material with properties and characteristics
similar to ceramics, based on the knowledge subsequently obtained on geopolymer-
ization techniques. Samples of molar ratio SiO2/Al2O3 agreed on 3.0 and 4.0 were
developed, whichwere applied with thermal curing, at 60 °C and conventional curing
at room temperature, 23 °C, to then be tested according to the proposed tests, where
it can be concluded that:

• The samples submitted to thermal curing presentedmore satisfactory results in the
tests of apparent specific mass and, consequently, in the mechanical resistance to
flexion, since a high specific mass index provides us with a less porous material.
In addition, it was observed that among the compositions, the one with the best
performance was the one with the lowest molar ratio, in this case, 3.0. This would
be the most coherent option for the development of ceramic blocks, for example.

• The samples that passed through the curing period at room temperature, on the
other hand, behavedmore consistently in thewater absorption and linear shrinkage
tests. It was also noted that the samples of composition 4.0 obtained the best
performances when compared to samples of smaller molar ratios and would be
more viable choices for the development of ceramic tiles.
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