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Abstract: In the present work, four (4) samples of sylvite (KCl) from different deposits in Canada,
Belarus and Germany were analyzed in order to determine the differences between them in terms
of chemical composition, morphology and impurities present. Different non-instrumental and
instrumental techniques were used. A scanning electron microscope analysis showed that the
particles are completely amorphous. Bueno mineral has particles with the largest area (with 91.4%
particles larger than 0.50 mm), and the BPC mineral samples have those with the smallest area (with
49.9% particles smaller than 0.50 mm). The Bueno mineral has the highest angle of repose. Bueno
mineral has the highest surface area and pore volume when compared to the other KCl minerals. On
the other hand, the BPC KCl mineral presented a lower surface area and pore volume. The problem
mineral has the highest percentage composition of K. Blanco mineral did not present Al, and the
element Mo was not detected in the Blanco and Bueno mineral. The IR bands of O-H, C-N, N-H
and C=O bonds were observed. These results are useful for the fertilizer industry. These differences
can produce adverse effects in a subsequent application in fertilizer production processes. Such
differences can be attributed to the origin of this mineral, the way it is obtained and exploited, or
to the transport and storage process through the use of anticompacting additives due to the high
hygroscopicity of the mineral.

Keywords: chemical composition; KCl; sylvite; mineral; fertilizers; angle of repose; SEM analysis;
TGA; FTIR

1. Introduction

The mineral sylvite (KCl), commonly called potassium chloride, has had great im-
portance for many years, due to its commercial value and different forms of application.
Research has established that in Colombia and other countries worldwide, this mineral is
mostly used as a raw material for the production of fertilizers, because it possesses potas-
sium (K), a monovalent cation used as a plant nutrient to help overcome plant deficiencies
in non-competent soils [1–3].

Potassium acts as a growth regulator and controls the development of certain physio-
logical disorders that affect the internal and external appearance of fruits [4]. Potassium is
the second most important nutrient after nitrogen. It plays an important role in protein and
starch synthesis, increases disease resistance and low temperature, sugar and starch for-
mation, facilitates the movement of nutrients through plants, and also promotes a healthy
root system [5,6].

In recent years, the increase in human population has been evolving, and thus, greater
food and energy demands are needed to satisfy the quality of life [7]. Food and crop
production will increase in the same way as the resources of our planet are preserved [8].
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Climate changes have a significant role in crop production due to periods of drought,
high temperatures and heavy rains [9]. Each of these factors usually has a negative effect,
carrying with them a risk to our food security [10]. Therefore, an industrial sector based
on agriculture must generate strategies to improve crop yields by relying on increasingly
efficient systems based on the use of fertilizers and resources under biotic and abiotic
stress conditions [11].

One of the most used tools in the agricultural industry is the use of potassium-based
fertilizers, since this is an indispensable element that participates in physiological, bio-
chemical and other vital processes of plants [12]. As established by Kant and Kafkafi in
2002 [13], a low contribution of this element leads to unbalanced fertilization affecting the
reproductive organs, generating problems of growth, quality, quantity of production and
efficiency to stress resistance in crops.

The use of fertilizers has been established as one of the strategies implemented and
extended by private sectors and governments, with the objective of reaching a production
magnitude that benefits a country’s economy and supplies the needs of the population to
supply food. It is established that currently approximately 50% of the world’s population
depends on fertilizers [14,15]. Therefore, new sources and production alternatives from
solid potassium minerals (polyhalite, carnalite, sylvite, kainite) are considered to maintain
the production of fertilizers [16–18].

In addition to its important role in the fertilizer industry, potassium has uses in health
and food processing. This is because potassium is an essential mineral in the human body,
being present inside the cells in abundant quantity and participating actively in numerous
vital functions: it regulates the passage of water in and out of the body together with sodium.
It is also involved in the stability of cell membranes and in muscular, cardiovascular and
nervous functions. The amount of potassium ingested by humans and animals must be
controlled at the time of ingestion, as potassium is not accumulated by the body and is
supplied by food; likewise, it is often used as a substitute for salt in diets for people with
NaCl restriction [19].

Sylvite, also known as potassium salt (KCl), is used as a raw material for fertilizer
production, and additives are added by large export companies during storage to prevent
easy compaction. Potash is a commercial term used in agriculture to cover a variety of
minerals and refined products containing varying proportions of sylvite and carnallite. In
relation to their chemical composition in mineral form, they are known to be made up of
components, such as potassium oxide K2O and Halite-NaCl, among others [20].

J. A. Stewart in 1985 found that of the most common potassium-containing minerals
such as sylvite, carnallite, kainite, langbeinite, leonite, schoenite and polyhalite, sylvite
is the most sought-after mineral for its high potassium content (524.4 g Kg−1). He also
found that of the K extracted, 93% is used as fertilizer; the remaining 7% is used in the
manufacture of a variety of chemical intermediates and products. In the United States,
about 95% of the K used on cropland is applied as chloride, and the remainder of 5% is
applied as sulfates and nitrates [21].

R. L. Mikkelsen et al. reported that over 95% of global potash fertilizer production
originates with KCl obtained from sylvinite, carnallitite, or hartsalz. In 2015, approximately
74% of the KCl produced was used directly for plant nutrition. Of the remaining 26%,
about 2% was reacted with nitric acid or nitrate salts to produce nitrate of potash, 5% was
reacted with sulfuric acid to produce sulfate of potash, and 19% was incorporated into
various N and P sources to produce N-P-K or P-K complex/compound fertilizers [6].

S. K. Jena indicates that of all the techniques such as bioleaching, chemical leaching,
roast leaching, and flotation of different potash minerals, the roast-leach technique is the
best method to recover potash values from mineral sources due to its high efficiency and
simple operating procedure. It is important for many countries which have no soluble
potash sources, but natural potash minerals such as feldspar, mica, nepheline syenite, glau-
conitic sand stone and sericite are highly available. Hence, it is a futuristic work to utilize
these available natural sources for the recovery of potash values for fertilizer making [18].
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J. Sanz et al. say that sylvite is mainly used in the production of agricultural fertilizers
to improve plant growth and the quality of fruits, vegetables, trees, cereals, flowers, and so
on, since potassium is one of the three most important macronutrients for vegetables. There
is currently increased demand for potassium for agricultural fertilizers for crops of sunflow-
ers, soybeans, corn, sugar cane, and so on, due to the expanding production of biofuels and
the cultivation of cereals as a fundamental aspect of subsistence in emerging countries [3].

The importance of the mineral KCl as a source of potassium has motivated the agricul-
tural industry to become interested in knowing and analyzing the chemical composition,
morphology and structure of the mineral and their relationship according to its origin,
in order to optimize the processes and quality of products obtained from sylvite. In the
different processes of extraction or exploitation of sylvite, a product with different physico-
chemical characteristics can be obtained, which directly affects the yield and quality of the
product. So, it is convenient to know its properties such as: elemental composition, shape,
color, and its interaction in the environment and components present in the structure of the
material by way of impurities caused by the origin and extraction method [22].

Given the above, complete characterization of these minerals is important when they
are used in the elaboration of fertilizers. For example, the angle of repose and sieving are
important because they provide information on the degree of intermobility or fluidity of
the particles that make up the minerals, useful information when it is desired to store large
quantities of particulate material. Additionally, time in solubility can be dependent on
particle size [23–26]. The Surface area BET method is important for the determination of
the porosity of a solid surface. In minerals, it is important to know the porosity, since this
parameter influences the processes of storage, mixing of the mineral with other materials
and solubility. Differences in water solubility become important when solid K sources
are dissolved for use in foliar sprays or fluid fertilizers. When solid K fertilizers are used
for these purposes, both the solubility and the time required for dissolution need to be
considered when making a suitable liquid fertilizer. There are additional restrictions to
consider when selecting a K source for organic crop production [6,27].

In addition to the macronutrients (N, P, K, H, Mg, Ca, and S), micronutrients (B, Ni, Cl,
Mn, Fe, Zn, Cu, and Mo) are required for optimal plant growth. Micronutrients are required
by plants in small amounts but are no less essential than macronutrients. The micronutrients
play a significant role in a variety of cellular and metabolic processes such as gene regulation,
hormone perception, energy metabolism and signal transductions, etc. Thus, deficiencies
and toxicities of micronutrients adversely affect plant health, causing reductions in growth
rate (and yield), overt symptoms of physiological stress and, in extreme cases, death.
Consequently, techniques such as energy dispersive X-ray spectroscopy (EDS) and Fourier-
transform infrared spectroscopy (FTIR) are useful to evaluate the presence and nature of
these macronutrients and micronutrients [28–31].

In the present work, four (4) samples of the mineral sylvite (KCl) from different de-
posits in Canada, Belarus and Germany were analyzed in order to determine the differences
between them in terms of chemical composition, morphology and impurities present, which
can produce adverse effects in a later application in fertilizer production processes. Such
differences can be attributed to the origin of this mineral, the way it is obtained and ex-
ploited or to the transport and storage process through the use of anticompacting additives
given the high hygroscopicity of the mineral. Instrumental analyses such as molecular
infrared spectroscopy (FTIR), thermogravimetric analysis, morphological analysis using
SEM, energy-dispersive X-ray spectroscopy, surface area analysis and non-instrumental
analyses such as angle of repose were carried out.

2. Materials and Methods

Four (4) samples of the mineral sylvite (KCl) from different deposits in Canada
(Saskatchewan, Coordinates: 54◦00′00′′N 106◦00′02′′ W), Belarus (Salihorsk, Coordinates:
52◦48′N 27◦32′ E) and Germany (Philippsthal (Werra), Coordinates: 50◦51′N 10◦00′ E) were
analyzed. These samples were donated by fertilizer company in Cartagena–Colombia, and
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labelled as Blanco (Germany), Problema (Belarus), BPC (Canada) and Bueno (Canada).
Figure 1 shows a photographic image of these samples.
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2.1. Morphological Analysis

The characterization of the sylvite minerals was carried out at Sena-Centro Nacional
Colombo Alemán, Barranquilla. The analysis to determine the morphology of the crystalline
particles was carried out with a scanning electron microscope (SEM) coupled to EDS, for
which a mapping was performed. The instrument used was a Hitachi SU3500. The samples
were placed on a steel plate, with the objective of making the sample conductive and thus
being able to observe the image. The images were obtained with a voltage of 10 kV, and
different magnifications were used [32,33].

2.2. Sieving

Sieves of numbers 2.000, 1.000, 0.500, 0.355, 0.212 and 0.150 with AISI 316 mesh, 304 mesh
frame were used. For each experiment, about 30 g of sample were taken. It was carried out
using ASTM C136 as reference (without drying the sample to constant mass) [34].

2.3. Angle of Repose

Angle-of-repose tests were performed on the four mineral samples. Each test was
performed with approximately 122 g of sample and with the funnel at three different
heights. The angle of repose was determined by means of a constructed stack, letting the
material flow through a funnel maintained at a constant height. The angle of repose was
calculated at three different funnel heights of 10, 20 and 30 cm. The standard method ASTM
C1444-00 was used as a reference [23].

2.4. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis was carried out in a temperature range of 26 ◦C to
42 ◦C, which allowed us to analyze the percentage of weight loss of the material from
the water dew temperature to the estimated maximum temperature corresponding to the
common environmental changes in the city of Cartagena. The results allow us to know the
behavior of surface water or unbound water when the materials are in this temperature
range. About 50 mg of sample was used in the analysis. Thermogravimetric analysis (TGA)
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was performed on an SDT Q600 V20.9 Build 20 thermal analyzer with a heating rate of
1 ◦C min−1 over a temperature range of 26–42 ◦C under flowing Ar.

2.5. Surface Area and Porosity Analysis

For this analysis, about 0.1000 g of samples were used. The measurements were
made using N2 gas. The degassing rate was 31 ◦C/30 min. The bath temperature analysis
was around −195.837 ◦C. A period of 10 s was used for the equilibrium interval, and
50.5275 cm3 was cold headspace. ASAP 2020 Micrometrics Instrument, Series: A213749
was used.

2.6. Energy-Dispersive X-ray Spectroscopy (EDS)

For energy dispersive spectroscopy (EDS), the samples were analyzed by performing
an X-ray mapping in which the individual elemental distribution of the selected sample
area is represented. The instrument used was a Hitachi SU3500 with EDS detector.

2.7. Fourier-Transform Infrared Spectroscopy Analysis (FTIR)

The Fourier-Transform Transmission Infrared Spectroscopy (FTIR) technique was used
for the analysis of the identification of functional groups of the mineral Sylvite. A Shimadzu
8400s spectrophotometer was used for the analysis of each sample, using the KBr pellet
preparation method. The spectral range of 400 cm−1–4000 cm−1 and spectral resolution
of 4 cm−1 were used. The samples were dried in a conventional oven, at 120 ◦C, then in a
vacuum oven for 2 h, at 120 ◦C. Infrared vibrational analysis of mineral samples without
drying treatment were also performed. Analytical-grade KCl and NaCl spectra were taken
and compared as reference spectra.

3. Results
3.1. Morphological Analysis

A scanning electron microscope (SEM) was used for morphological analysis. SEM
analysis is a very useful technique for the morphological and textural study of crystalline
materials, in which the electron beam passes through the column and reaches the sample.
A scanning generator is responsible for producing the movement of the beam, so that it
sweeps the sample point by point. From the interaction between the incident electrons
with the atoms that make up the sample, signals are generated, which can be captured
with specific detectors for each of them. The detector captures a signal and converts it
into an electronic signal that is projected on a screen (CRT). The scanning of the beam is
synchronized with the scanning of the CRT and produces a one-to-one ratio between points
on the sample and points on the CRT [35].

To obtain corresponding details on morphology and porosity, in order to correlate this
information with the compaction phenomena presented by the raw material, SEM analysis
was carried out.

By means of SEM analysis, images corresponding to different magnifications were
obtained. Magnifications of ×30, ×50, ×200 were carried out, respectively. The details
about the observed images can be found at the bottom of each one.

Figure 2 shows that the particles are completely amorphous, with different shades
of gray in different areas of each particle. It determines the existence of roughness in the
material (darker areas are the roughest). Such porosity observed in the material indicates
the existence of physisorption and moisture chemisorption, which can occur during storage,
and its quantification is a function of the pore size distribution; the deterioration shown
is a consequence of the forces acting on the particles as a result of the stacking of the
stored material.
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Figure 2. SEM images of sylvite samples from different deposits. Images were taken at ×50 and ×200
at 10.0 kV. Samples analyzed were (A1): Blanco, (B1): Problema, (C1): BPC and (D1): Bueno, at ×50.
Images (A2), (B2), (C2) and (D2) correspond to the area marked with red dotted lines in the images
of (A1), (B1), (C1) and (D1), respectively, at ×200.

3.2. Particle Area

From the data obtained in the SEM analysis, the average particle size was calculated
using software (from the instrument, Hitachi SU3500, Hitachi High-Tech Corporation,
Tokyo, Japan) at magnification of ×50. Figure 3 shows the histograms of particle num-
bers as a function of area for the different samples analyzed. Table 1 shows the values
corresponding to minimum, mean and maximum particle area. It can be observed that the
sample corresponding to Bueno has particles with the largest area, and the BPC samples
have those with the smallest area.
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Table 1. Average particle size from SEM images at ×50 for KCl mineral sample.

Area (mm2)

Sample Minimum Medium Maximum

Problema 0.0754 0.2616 31.150
Blanco 0.0575 0.5112 51.075

BPC 0.0240 0.3484 31.086
Bueno 0.0675 0.6438 50.838

3.3. Sieving

In order to obtain information corresponding to the particle size distribution of KCl
minerals from different deposits, different sieves were made, as mentioned above. Table 2
shows the percentage of particle size distribution retained in each sieve used. The results
show that the Bueno mineral sample had the highest particle size distribution with 91.4%
particles larger than 0.50 mm. The BPC mineral sample presented the largest particle
size distribution with 49.9% particles smaller than 0.50 mm. It is worth mentioning that
these results are in agreement with those obtained by SEM analysis of the same samples
discussed in the previous section.

Table 2. Percentage of particles retained on each mesh.

Mesh Opening (mm) Blanco Problema BPC Bueno

2.000 1.9 5.0 1.0 1.0
1.000 21.6 41.0 7.1 37.0
0.500 48.7 42.3 42.0 53.4
0.355 15.6 11.3 33.6 7.5
0.212 11.7 0.3 15.1 1.0
0.150 0.3 0.0 1.2 0.0
0.106 0.0 0.0 0.0 0.0
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3.4. Angle of Repose

Angle of repose is the maximum angle at which a granular material monticule remains
stable without sliding failure. This is a property of granular material that is determined by
friction, cohesion, particle shape, grain size (the larger the grain size, the greater the angle of
repose), and moisture. When granular material is slowly poured onto a horizontal surface, it
flows forming a mound in which the free surface intermittently fails until the process stops and
a stable slope is formed. Thus, the angle of repose corresponds to the angle formed between
the inclined surface of the mound and the base and is obtained by direct measurement or by
measuring the diameter and height of the granular material mound [24].

The angle of repose for each of the samples were calculated from the following equation.

θ = tan−1
(

2H
D− 1.2

)
where D is the Diameter, H is the Height and 1.2 is the funnel outlet diameter in cm.

Table 3 shows the angles of repose for the four mineral samples at three different
funnel heights and the percent free moisture of each sample calculated from the TGA.

Table 3. Angle of repose (θ) and free moisture (%) of KCl mineral sample analyzed.

Angle of Repose (θ)

Funnel Height (cm) Blanco Problema BPC Bueno

10 24.9 26.8 29.0 32.2
20 25.0 28.4 29.1 30.5
30 24.1 27.8 25.3 30.3

Average 24.7 27.7 27.8 31.0
Free moisture (%) 0.9 0.5 0.3 1.35

In Table 3, the angle of repose showed various values by different factors such as
volume, grain size, moisture and shape of minerals.

When analyzing each of the angle of repose values obtained from minerals from
different deposits, with the free moisture content (see Table 3), it is corroborated that the
percentage of moisture has a large influence on the angle of repose. The higher the moisture
content, the more the granular material tends to increase its angle of repose [36].

Of the four minerals analyzed, the mineral from the Canada deposit (Bueno KCL) has
the highest angle of repose (Table 3), this can be attributed to the fact that this mineral has
the highest percentage of free moisture, the highest distribution of large particle size and
heterogeneity in particle shape according to SEM images and sieve analysis.

The mineral from the Germany deposit (Blanco KCl) showed the lowest angle of
repose when compared to the other KCl samples. This can be attributed to the fact that
this mineral presents higher sphericity and lower particle roughness as observed in the
SEM images.

The BPC KCl sample and Problema KCl show very similar angles of repose (<Bueno KCl
and >Blanco KCl), probably due to their similar free moisture and similar granule shape
according to SEM images.

3.5. Analysis of Surface Area and Porosity

Total Pore Volume refers to all the space inside the analyzed mineral particle, which
serves to retain adsorbate molecules; this is expressed in mL/g (cm3/g). Considering the
analysis conditions, it can be observed that the degassing process was carried out at 30 ◦C,
which is the average temperature of the city of Cartagena. This condition guarantees that
the samples subjected to the analysis have in their matrix the equilibrium humidity that
they have during their storage in warehouses, which is important to analyze the amount
of water adsorbed in ambient temperature conditions, relating the pore volume with the
bound water or free water that the materials can adsorb.
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The smaller the particle size, the higher the non-evaporable water content. Smaller
molecules can fill the small pores and larger molecules can only go so far in the cavities.
Small molecules will be retained mainly in the micropores of the mineral and larger
molecules in larger pores such as mesopores or micropores. The surface chemistry plays an
important role as heteroatoms and oxygenated functional groups on the surface can act as
active sites [37].

Table 4 shows different parameters calculated from surface and porosity analysis.
These results show that the mineral sample Bueno KCl has the highest surface area and
pore volume when compared to the other KCl minerals. On the other hand, the BPC KCl
mineral presented lower surface area and pore volume. These results are in agreement
with those obtained by SEM and TGA, confirming that the mineral with the highest water
adsorption capacity is Bueno KCl.

Table 4. Analysis of surface area and porosity of KCl mineral samples.

Parameter Blanco Problema BPC Bueno

Single Point Surface Area in P/Po 0.159581639: 0.0080 m2/g 0.159589767: 0.0312 m2/g 0.299581172: 0.4332 m2/g 0.299708541: 0.9995 m2/g
BET Surface Area 0.0066 m2/g 0.0232 m2/g 0.4552 m2/g 1.2411 m2/g

Langmuir Surface Area 0.2137 m2/g 0.0223 m2/g 0.7572 m2/g 2.4290 m2/g
Micro Pore Area t-Plot 0.7765 m2/g 0.9200 m2/g 0.0195 m2/g

External Surface Area t-Plot 0.7699 m2/g −0.8968 m2/g 0.4357 m2/g 2.0497 m2/g
Pore Volume: Micro Pore Volume t-Plot 0.000327 cm3/g 0.000382 cm3/g 0.000037 cm3/g 0.000475 cm3/g
Nanoparticle Size: Mean Particle Size 9052430.914 Å 2591285.485 Å 131802.986 Å 48345.286 Å

It is worth mentioning that the adsorptive properties of the mineral are determined
not only by its porous structure but also by its chemical composition. In the KCl mineral,
with a highly oriented structure, adsorption takes place mainly by Van Der Waals forces.
In the samples analyzed, the morphology and presence of chemical compounds means
that unsaturated valences and unpaired electrons will influence the adsorption behavior,
especially for polar or polarizable molecules. Thus, samples are invariably associated with
appreciable amounts of heteroatoms such as oxygen, and other inorganic compounds. It
is important to note that surface-oxygenated groups exert the greatest influence on the
surface characteristics and adsorption behavior of minerals. Surface-oxygenated groups are
not formed exclusively by reaction with oxygen. They can also result from reaction with
many other gases (ozone, carbon dioxide, nitrous oxide, etc.) or with oxidizing solutions.

The analyzed minerals have disordered structures and a more exposed area than
the pure KCl mineral, so they will have a high tendency for oxygen chemisorption. In
addition, the basal planes in amorphous solids could contain various defects, disloca-
tions and discontinuities, which are sites for oxygen chemisorption, which is enhanced
by porosity [38].

3.6. Energy-Dispersive X-ray Spectroscopy (EDS) Analysis

Energy-dispersive X-ray spectroscopy (EDS), sometimes called energy dispersive
X-ray analysis, is an analytical technique used for the elemental analysis or chemical char-
acterization of a sample. It relies on an interaction between some source of X-ray excitation
and a sample. Its characterization capabilities are due in large part to the fundamental
principle that each element has a unique atomic structure allowing a unique set of peaks
on its electromagnetic emission spectrum. EDS allows the elemental composition of the
specimen to be measured [39].

It is pertinent to mention that the elemental distribution in a particle is not homoge-
neous, which means that the individual elemental distribution can be higher or lower in a
specific zone of the particle. An illustration of the proportions of the chemical elements for
each sample can be seen in Figure 4. These images show that the major elements are Cl and
K. Other elements in smaller proportions were also detected.
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Figure 4. Distribution of elemental chemical composition of KCl minerals from different deposits
using EDS-SEM.

Table 5 shows the percentage composition of the elements found when the EDS
analysis was performed. The elements found were Be, O, Na, Mg, Si, Cl, K, Al, Mo and
Fe. The mineral sample of Blanco KCl was the only one with the element Be. The mineral
sample with the lowest element amount of O, Na, Mg and Si was Blanco KCl. Bueno KCl
had the highest amount for O, Na and Mg. As expected, the elements in higher proportion
are Cl and K. These elements (Cl, K) are in a percentage of about 40% by weight. This
means that the concentration of KCl in these minerals is higher than 80% by weight. On the
other hand, Blanco KCl did not present Al, and the element Mo was not detected in Blanco
and Bueno KCl.

Table 5. Percentage composition of chemical elements in KCl minerals (Wt%).

Element Blanco Problema BPC Bueno

Be 10.67 - - -
O 2.86 9.57 12.20 12.86

Na 0.78 1.10 0.87 1.76
Mg 0.18 0.42 0.56 1.17
Si 0.13 1.02 1.29 0.21
Cl 44.95 42.84 41.22 43.77
K 40.44 41.84 38.86 40.04
Al - 0.48 0.60 0.19
Mo - 0.88 1.30 -
Fe - 1.80 2.74 -
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3.7. Fourier-Transform Infrared Spectroscopy Analysis (FTIR)

Infrared analysis of the mineral samples with and without a drying process were per-
formed. The IR spectra of analytical grade reference KCl and NaCl were acquired. As expected,
the IR spectra of the reference salts did not show IR bands in the 400 cm−1–4000 cm−1 region,
except for the atmospheric CO2 bands present around 2200 cm−1 [31,40,41]. When the IR
spectra of the mineral samples (with and without drying) were analyzed, The IR bands
of O-H, C-N, N-H and C=O bonds were observed, as shown in Figures 5 and 6 [31,42,43].
These minerals (Blanco, BPC, Problema and Bueno) not having a purification process, it is
expected that other compounds of inorganic nature such as oxides are present, as shown
in the EDS analysis discussed above. These unpurified minerals also have compounds of
organic nature such as carboxylic acids, amines and amides, as shown by the IR bands in
Figures 5 and 6 [42,43]. This organic matter is responsible for the red coloration present in
three of the mineral samples. During the drying process, it is expected that compounds
such as water and low-molecular-weight organic physiadsorbates were removed and sub-
stantially decreased. IR bands were generally similar before and after the drying process.
However, the Bueno KCL (sample 4) showed the greatest change in the intensity of its
bands, as can be observed for the IR band for -OH around 3300 cm−1. This behavior of KCl
is supported by the surface and TGA analyses because it is the mineral with the largest
surface area and pore volume, so its capacity for physisorption of water and volatile organic
compounds (rich in hydroxyl groups) is higher; consequently, the IR bands (3300 cm−1)
will decrease. The drying treatment allowed us to observe the N-H vibration (3600 cm−1)
confirming that these minerals show the presence of possible amines and amides [43].
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4. Conclusions

Chemical composition, morphology and impurities present in four sylvite (KCl) min-
erals used in fertilizer production were analyzed. Non-instrumental techniques such
as sieving and angle of repose, and instrumental techniques such as thermogravimetric
analysis (TGA), surface area and porosity, scanning electron microscopy analysis, energy-
dispersive X-ray spectroscopy (EDS) and Fourier-transform infrared spectroscopy analysis
(FTIR) were used. From the morphological and porosity analyses, it was observed that
the KCl particles are completely amorphous. It could be observed that the sample cor-
responding to Bueno has particles with larger size, surface area and pore volume when
compared to the other KCl minerals. The BPC samples have the smallest particle size
and porosity. Of the four minerals analyzed, the mineral from the Canada deposit (Bueno
mineral) has the highest angle of repose. The mineral from the Germany deposit (Blanco
mineral) showed the lowest angle of repose. The concentration of KCl in these minerals
is higher than 80% by weight. In the samples, elements Fe and O were detected, which
are expected to contribute to the red coloration in many of the minerals analyzed. The IR
bands of O-H, C-N, N-H and C=O bonds were observed, giving the presence of organic
compounds. In general, the results show useful information in terms of size distribution,
porosity, surface area and chemical composition. These results are important for decision
making at the moment of transport and storage of the KCl mineral, as well as to know the
contribution in micronutrients that these minerals can provide during the manufacture of
the fertilizer.
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