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a b s t r a c t

Great quantities of stone by-products are stored alongside different exploiting mines in south Brazil,
which are becoming an unsustainable environmental issue. Powder materials of andesite and dacite
rocks were obtained from two mining companies of Southern Brazil. The particle size classification of the
materials was determined by sieving. The X-ray diffraction (XRD) technique was used to identify the
mineral phases of the by-products and X-ray fluorescence (XRF) was applied to determine their chemical
compositions. The concentrations of calcium (Ca), potassium (K), magnesium (Mg), phosphorus (P) and
silicon (Si) released by the by-products were determined by inductively coupled plasma atomic emission
spectrometry (ICP-AES). Dissolution rates of andesite and dacite rocks were measured in Milli-Q water,
and in solutions of 0.1 mol L�1 citric acid, and Milli-Q water acidified with 0.5 mol L�1 acetic acid, as a
function of reaction times at 24e96 h (short-term), and at 96e5760 h (long-term). The solutions were
agitated continuously on a mechanical rotatory shaker at room temperature. The parabolic diffusion,
simplified Elovich, and power function models were applied at both time slots of solid-solution reaction.
The results indicated that the relationships of quantity of released multi-nutrients were well described
by power equation: ln qt ¼ ln a þ b ln t. Dissolution rates were obtained based on the release of Ca, K, Mg,
P and Si at a steady state under far from equilibrium conditions. Dissolution rates of both by-products
were not affected, within the experimental uncertainty, by Milli-Q water. Although the by-products
dissolution rates were unaffected by Milli-Q water, its rates are increased along the time. The dissolu-
tion of the by-products minerals was significantly affected by the pH of the solutions. The multi-elements
release by both by-products in 0.1 mol L�1 citric acid solution was significantly larger than another
solutions, indicating that exchangeable cations were readily available in citric acid solution. The results
obtained from power function model in two reaction time intervals can contribute to estimate the multi-
nutrients-supplying power of by-products to soil. The present study provides both to solving an envi-
ronmental issue associated with Brazilian rock exploitation and to create an alternative for soil fertil-
ization and a more sustainable agriculture.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Paran�a Basin volcanic rocks were formed approximately 137-
127Ma (Turner et al., 1994) with some 500,000 km2 of outcropping,
covering the south-central region of Brazil and extending along the
Ramos), felipeqma@hotmail.
borders of Paraguay, Uruguay and Argentina (Frank et al., 2009).
The occurrence and distribution of nutrient elements in soils, as

well as the mineralogical structures that contain them, are strongly
conditioned by the weathering dynamics of rocks (Harley and
Gilkes, 2000). The rate of dissolution of minerals in rocks de-
termines nutrient replacement in soils (Manning, 2018). Knowl-
edge about the weathering process enables the practice of soil
fertility management. This is relevant in tropical climate conditions
where intense ion leaching makes acidic soils and nutrition
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elements relatively scarce (Fageria and Nascente, 2014; Korchagin
et al., 2019).

Since the weathering of principal crystalline phases and the
development of secondary phases (crystalline and/or amorphous)
is always a very slow process under natural conditions, it is
necessary to understand the dynamics of reactions that affect
mineral dissolution rates for sustainable agricultural production
(Sverdrup et al., 2019).

Few studies were performed on multi-nutrients release kinetics
to date to assess andesite and dacite rock by-products for applica-
tion as alternative fertilizer in tropical soil. Information from such
study is fundamental for ensuring safe and efficient use of these by-
products as soil fertilizer. The investigations into the agricultural
potential of minerals and rocks as alternative sources of mainly K
have been oriented by the fertility notion prevailing in agrarian
sciences. Restricting itself to the evaluation of changes in the soil
chemical attributes or in the productivity of crops. Without
considering the factors associated to release kinetic and to the ef-
fects of weathering on the alteration of by-product minerals.
Among the nutrients that may be supplied by volcanic rock pow-
ders, K has been the most widely studied to determine whether it
can become immediately available in soils at rates significant for
crops (Lybrand and Rasmussen, 2014; Skorina and Allanore, 2015;
Ciceri et al., 2019).

Many mathematical models and equations (first order, Elovich,
parabolic diffusion, and power function) have been used to describe
the kinetics of K release from soil (Jalali and Khanlari, 2014;
Rajashekhar Rao, 2015). Numerous works on K release kinetics
were carried out with rock dust in dilute salt solutions, low mo-
lecular weight organic acids (citric and oxalic) and cation exchange
resins (Silva et al., 2013; Meira et al., 2014). These acids were also
used as extractors in the K and Mg release kinetics by Silva (2016),
and in the evaluation of the solubility of minerals of volcanic rock
by Ramos et al. (2015). There is concern about the real effectiveness
of these materials with the low solubility of rock minerals being the
major limiting factor. Knowledge of dissolution kinetics is required
to properly determine the nutrient supply capacity of rocks to soils;
optimize its efficiency as a fertilizer to reduce the use of soluble
fertilizers and develop guidelines for the safe and proper disposal of
by-products, and reduce ecological contamination (Nishanth and
Biswas, 2008; Korchagin et al., 2019).

Previously studies by Ramos et al. (2015, 2017 and 2019), show
results of the chemical and mineralogical properties of the dacite
rock, from the same mining company, used in the present study.
Ramos et al. (2015, 2017), performed leaching tests, in laboratory
conditions, to evaluate nutrient release and potentially toxic ele-
ments by dacite rock powder in different extractor solutions and
different particle sizes. The authors have suggested that the addi-
tion of dacite rock powder to the soil will not cause risks to human
health or to the environment, because were that very low levels of
potentially toxic elements were made available to extraction so-
lutions. In addition, the authors concluded that the dacite rock
powder contains macronutrients important to crop such as Ca, K,
Mg, and P, jointly with micronutrients like Cu and Zn. In Ramos
et al. (2019) the potential use of dacite rock powder as soil remi-
neralizer was evaluated in black oats and, sequentially maize crops.
These authors showed ameliorations in soil attributes, like high
levels of Ca, K and P and low levels of exchangeable Al and Al
saturation. The authors concluded that dacite rock powder presents
a viable sustainable alternative that could be replace soluble fer-
tilizers adding value to the investigated rock by-product.

Therefore, the principal objective of this work was to assess the
potential and rates of multi-nutrients release from andesite and
dacite rocks in Milli-Q water, 0.1 mol L�1 citric acid and in Milli-Q
water acidified with acetic acid 0.5 mol L�1 and provide an
indication of the potential utility of these materials as Ca, K, Mg, P,
and Si fertilizers. The use of two by-products studied here as a
multi-nutrients source for crops can be an alternate technology for
the efficient administration of their, which could help to reduce the
soluble fertilizers utilization.

2. Material and methods

Each by-product powder with particle sizes below 5.0 mm for
geochemical, mineralogical and particle size characterization
experiment was used in this work. Vesicular andesite and dacite
rocks, respectively, were from Estância Velha, and Nova Prata, both
of Rio Grande do Sul State (Fig. 1).

The since distribution of the by-products studied has great in-
fluence in nutrients release, because the smaller the grain size, the
larger the surface area exposed to exogenous conditions (Ramos
et al., 2017). The particle size distribution of by-products powder
was determined by using sieves of mesh ASTM 4, 7, 10, 20, and 50,
according to the methodology described for Brazilian norm, NBR-
7181 (ABNT, 1986). Supplementary details could be found by pre-
viously studies (Ramos et al., 2019; Korchagin et al., 2019). The
masses of the different fractions were recovered and calculated as a
weight percent (wt %).

Including the several analytical procedures of mineralogical
characterization, X-ray diffraction is the most indicated in deter-
mining the crystalline phases present in rocks. This is possible
because in crystals, atoms are ordered on crystalline planes sepa-
rated from each other by distances of the same order of magnitude
as X-ray wavelengths (Bunaciu et al., 2015). The mineralogical
phases of the unaltered by-products were determined by X-ray
diffraction (XRD) in a Philips X-ray diffractometer. The samples
were homogenized and compacted on the sample holder to obtain
a uniform surface, according to previous authors (Ramos et al.,
2019; Korchagin et al., 2019).

The chemical determination of major elements (in % of oxides
weight) of the by-product samples was performed by FRX. Quan-
titative analysis was performed using the lithium tetraborate fused
powder sample technique, with calibration curve from rock pat-
terns. X-ray fluorescence techniquewas employed to determine the
chemical composition of the by-products. The results were pre-
sented in the form of oxides. The chemical conformations of the
rocks by-products were compared between the material collected,
and the sub-fractions were compared with the total chemical
composition of the studied rock.

To estimate the liberation of nutrients by the by-products
studied rocks, the andesite and dacite dust samples, with grain
size less than 2.8 mm, were subjected to short-time (24e96 h) and
long-time (96e5760 h) leaching investigations. The leaching tests
are used to evaluate the chemical stability of the materials, which
when in contact with aqueous solutions, allow to verify the degree
of release of their constituent elements. These tests can reproduce
in the laboratory the natural phenomena of dragging, dilution and
desorption that occur by the passage of water through a material.
Such trials may represent several years of the natural leaching
phenomenon (Tiwari et al., 2015). It is noteworthy that the leaching
test suffers interference from parameters such as temperature,
extraction solution type, solid/solution ratio, number of extractions,
specific material surface, degree of agitation used in the test, and
mainly the pH of themedium (Tiwari et al., 2015). Therefore, the pH
of the extraction solutions was measured in DM-2P Digimed pH-
meter, to verify the relationships between this parameter and the
chemical elements obtainable in the mixtures. The multi-nutrients
release kinetics experiments of by-products were performed with
different extraction techniques shown in Table 1.

The multi-nutrients release kinetics experiments were



Fig. 1. Studied area.

Table 1
Methods and procedures to extract and determine multi-nutrients release from solid to liquid phase.

Solutions pH Concentrations Amount of by-products Amount of solution Shaking Methods

(mol L�1) (g) (L) (rpm)

Milli-Q water (W) 7.05 e 250 2.5 30 BSEN (2002) a

Citric acid (CA) 1.87 0.1 250 2.5 150 Teixeira et al. (2015).
W þ acetic acid (AA) 5.00 0.5 acetic acid 100 2.0 30 Etim and Onianwa (2013).

a British Standard European Norm.
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performed in a continuous shaken mechanical system for 5760 h in
a plastic vial, hermetically sealed, at room temperature (25 ± 1 �C).

In investigate with mildly acidified water by acetic acid (AA), the
liquids pH was adjusted at 5 ± 0.2 by addition of 10 ml of
0.5 mol L�1 acetic acid solution, every seven days. An amount of
20 ml of each solution was collected at 24, 48, 72, 96, 168, 336, 504,
720, 1440, 2160, 2880, 3600, 4320, 5040, and 5760 h and filtered.
After each collect was made the replacement of the solutions and
the by-products remaining in the filters for vials. These experi-
ments were performed in laboratory conditions with three repli-
cates. The concentrations of multi-nutrients released in each
solution were quantified by inductively coupled plasma atomic-
emission spectrometry (ICP-AES), inductively coupled plasma
mass spectrometry (ICP-MS), and high-performance liquid
chromatography.

The nutrient liberated as a function of time were adjusted ac-
cording to multi-nutrient release over 24e96 h (short-term). To
verify whether multi-nutrient release rates of by-products would
increase as a function of reaction times, additional tests were per-
formed over 96e5760 h (long-term). The mathematical equations
suggested by Silva et al. (2013) and Hosseinpur and Motaghian
(2013) were applied to describe and estimate the behavior of
multi-nutrient release of by-products over the solid-solution re-
action contact-time. The following equations were applied:

Parabolic diffusion model:

qt ¼ A þ Rt1/2 (1)

Power function equation:

ln qt ¼ ln a þ b ln t (2)

Elovich equation:



Table 3
Particle size distribution of the by-product samples.

Sieve aperture (mm) Andesite Dacite

(%)

4.8 100 100
2.8 93 13
2.0 88 33
0.84 51 25
0.3 26 26
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qt ¼ a þ b ln t (3)

where qt is the Ca, K, Mg, P and Si released accumulated at time t; A
and ln a are Ca, K, Mg, P and Si released initially; R and b are the
release rate constants. One of the ways to evaluate the fit quality of
themodel is through the coefficient of determination. Basically, this
coefficient indicates how much the model was able to explain the
collected data. The coefficient of determination (R2) and the stan-
dard error (SE) is given by the expression:

SE¼
�P ðq� q*Þ2

ðn� 2Þ
�½

where q and q* represent the measured and calculated values of Ca,
K, Mg, P and Si at time t, and n is the amount of data points eval-
uated. The statistical analyses were performed with the Origin
statistical program (version 2019 9.60).
3. Results and discussion

The obtained XRD patterns showed similar assemblages (con-
taining augite, andesine, cristobalite, hematite, laumontite, mont-
morillonite, orthoclase, sanidine, quartz, and amorphous phases)
for the andesite and dacite among the fractions. Table 2 shows the
main mineral phases of the by-product samples, and the semi-
quantitative approximation based on the intensity of the X-ray
diffraction peaks. The particle size distribution of the by-products,
obtained by a sieving, is shown in Table 3. The size distribution
analysis showed that 100% of the particles of the two by-products
measure less than 4.8 mm. Andesine has 93% below 2.8 mm, and
26% below 0.3 mm. In contrast, dacite has 13% of particle its sizes
below 2.8 mm, with 26% below 0.3 mm. This lower size distribution
of andesite may increase nutrients release. Priyono and Gilkes
(2008) investigated the multi-nutrients dissolution kinetics of sil-
icate rock with particle sizes below 0.25 mm and 0.15 mm in
organic acid solution. The authors showed that the dissolution rate
of cations increased with smaller particle size.

The studied sample of andesite showed the high content of
laumontite, a zeolite group mineral, which is related to vesicles
filling, which gives the rock an alkaline characteristic and high
cation exchange capacity (Mastinu et al., 2019). This feature is
fundamental to provide the exchange of nutrients betweenmineral
Table 2
Semiquantitative approximation (%) of the main mineral phases present in the andes

Mineral Species Chemical Formulas

Andesite
Andesine (Na,Ca)(Si,Al)4O8

Laumontite Ca4Al8Si16O48.14H2O
Hematite Fe2O3

Orthoclase KAlSi3O8

Quartz SiO2

Montmorillonite (Na,Ca)(Al,Mg)2Si4O10(OH)2.n(H2O)
Augite (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6

Total

Dacite
Albite NaAlSi3O8

Hematite Fe2O3

Cristobalite SiO2

Quartz SiO2

Montmorillonite (Na,Ca)(Al,Mg)2Si4O10(OH)2.n(H2O)
Sanidine (K,Na)(Si,Al)4O8

Augite (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6

Total
particles and soil/water/roots (Nunes et al., 2014). This shows great
potential for by-products application as soil fertilizer (Ramos et al.,
2017). The presence of montmorillonite, with smaller proportion in
dacite rock, and hematite shows the marked condition of weath-
ering of the rocks. Andesine occurs in andesite and albite in dacite,
that are feldspar class minerals. Andesine has a high proportion of
calcium and sodium, and albite has a high sodium content in their
structure. These minerals resistance to weathering is low (Alleoni
and Melo, 2009), with high potential for the release of calcium
and sodium to medium. X-ray diffraction analysis show the
occurrence of orthoclase in the andesite and sanidine in the dacite,
that are minerals of K-feldspar group. Potassium is released when
these minerals are slowly weathered (Rawat et al., 2016). The py-
roxene augite in andesite, and in dacite can release Mg, Fe, and Ca,
and form new minerals. These results concur with Deer et al.
(2013), that most common rock-forming minerals were plagio-
clases, pyroxenes, and feldspar. The susceptibility to weathering
that the mineral phases present in the studied samples, are a good
indication of the ability of multi-nutrients release to the soil.

The sampled materials chemical composition was predomi-
nantly based on the presence of Si. In decreasing order appear Al,
Fe, Ca, Mg, Na, Ti, K, P, Mg, andMn. Others minor chemical elements
were detected. These results agree with those obtained by Ramos
et al. (2019), which characterized a similar rock to those of this
study and its application as soil remineralizer in black oat and
maize crops. The geochemical composition of the by-products
utilized, expressed as major and minor elements, allowed to clas-
sify the rocks as andesite (Szyma�nski and Szkaradek, 2018) and
dacite (Streckeisen, 1976). According to the Total Alkali Silica (TAS)
classification of andesite, it includes an average amount of silica
(57%e63%), more than basalt and less than dacite (Gill, 2010).
ite and dacite rock powders.

Mineral
Groups

Abundance (%)

Plagioclases 27.1
Zeolite 12.9
Hematite 2.70
K-Feldspars 13.3
Silica 5.40
Smectites 14.1
Pyroxenes 24.6

100.1

Plagioclases 35.3
Hematite 1.00
Silica 5.80
Silica 12.4
Smectites 2.20
K-Feldspars 28.6
Pyroxenes 14.7

100.0
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Compared to each other, and as expected, andesite contains higher
Al2O3, Fe2O3, CaO, MgO, TiO2, Na2O and MnO contents. In dacite the
SiO2 and K2O contents are higher than in andesite (Table 4). Based
onmacronutrient K content, the dacitewould be themost indicated
as potassium fertilizer. Potassium is very necessary nutrient for
enhance the productivity of many crops (Carvalho et al., 2018). The
andesite has higher levels of Mg and Ca, which are also important
macronutrients to agriculture. These elements could be supplied
from pyroxene alteration (Buchs and Howie, 2016). The role of
calcium is to regulate nutrient transport, and to support many
enzyme functions (Gilliham et al., 2011). Magnesium is important
to the photosynthetic process (Guo et al., 2016). The P2O5 content of
by-products are similar (Table 4), representing more than three
times the P2O5 content of the Earth’s crust average. According to
Donatello et al. (2010) the P2O5 crustal average concentration is
1.18 g kg�1 (0.1%). Phosphorus is essential to all life, including plants
(Vance et al., 2003). Silicon do not be considered essential nutrient
to crops (Haynes, 2014), but is used to control pests and increase
the productivity and quality of agricultural products (Keeping,
2017; Beerling et al., 2018). The chemical variations detected be-
tween utilized samples were linked to dissolution and redistribu-
tion processes in the solution.

The obtained dates of continuous chemical extractions of nu-
trients from andesite (ARock) and dacite (DRock) in Milli-Q water
(W), 0.1 mol L�1 citric acid (CA) and Milli-Q water acidified with
0.5 mol L�1 acetic acid (AA) solutions over 24e5760 h are presented
in Fig. 2. Among the extractants analyzed, the best results were
obtained with the CA, for all nutrients and of both by-products
followed by AA solution already lesser fraction.

The obtained extraction curves shown in Fig. 2 indicate that Ca,
K, Mg, P and Si were continually released from the both by-products
in all extractor solutions and did not reach the steady state. This
indicates that exchangeable cations were readily available in solu-
tions. Except for Milli-Q water, the concentrations changed signif-
icantly (Fig. 2). This low release in water, suggests the precipitation
of (Ca, K, Mg, P and Si)-bearing mineral (s) (Sugimori et al., 2009),
that make up the andesite and dacite rocks. According to Silva et al.
(2013) water is a weak electrolyte, i.e. its ionization degree is very
small and consequently its ionization constant in terms of the
amount of matter is also small. The application of stone meal in
leached soils instead of highly soluble fertilizers to avoid nutrient
loss. Intensive agriculture in south Brazil results in high nutrient
transfer from soil to aquatic systems, especially phosphorus and K
nutrients (Korchagin et al., 2019).

The ends of the collected nutrient concentrations released by
the by-products up to 5760 h are shown in Table 5, as well as the pH
Table 4
Concentration of the major elements of by-products samples (%) expressed by
respective oxides.

Oxides Andesite Dacite

(%)

SiO2 57.1 67.1
TiO2 1.17 0.92
Al2O3 14.1 12.6
Fe2O3 9.50 6.41
MnO 0.17 0.11
MgO 3.57 2.18
CaO 5.38 3.14
Na2O 3.22 2.92
K2O 2.49 3.79
P2O5 0.26 0.28
LOIa 2.70 0.53
Total 99.7 99.9

a Loss on ignition.
values of the solutions at the beginning and end of the experiment.
The latter was a major factor in the multi-nutrients release of by-
product samples. The low release of multi-nutrients by Milli-Q
by-products in water can be explained by the high pH value, and
the low ability to remove interlamellar cations from by-products
(Silva et al., 2013). In contrast, multi-nutrient release by by-
product samples increased considerably in acidic solutions
(Table 5). This was expected because, according to Ramos et al.
(2017), the release of elements by rocks is favored in acid me-
dium. The initial pH of the extractor solutions was fromW (7.5), CA
(1.87) and AA (5.0) and increased by 1.07, 0.75 and 1.29 units (for
andesite) and 1.01, 0.44 and 1.15 units (for dacite) at the end of the
kinetics experiment. These results demonstrate that possibly in
contact with the soil, the by-products will be neutralizing an acid
fraction of the soil over time. This increase in pH value can be
attributed to the adsorption of Hþ ions on the surface of the by-
products (Xiaofu et al., 2008). In general, the concentration of all
multi-nutrients released by dacite to all extractor solutions was
higher than the andesite (Table 5).

The calcium liberated by andesite in the CA leaching was 10%
higher than by dacite. The dacite showed lower release of Ca, since
in its geochemical composition the CaO content was lower (3.14%
CaO) than the andesite (5.38% CaO) (Table 2). An explanation for the
greater efficiency in Ca release by andesite is the presence of Ca in
plagioclase, more precisely in andesine, which may contain up to
8.35% CaO. The albite, Ca-bearing mineral, also occurs in dacite,
though it is richer in Na than in Ca, which has about 1.07% CaO
(Deer et al., 2013). Therefore, andesite (with 5.38% CaO) will be a
better Ca fertilizer.

The proportion of the released Mg by both by-products was
similar (up to 28.4%) of the total content. Although this proportion
of released Mg is quite low, andesite rocks are better sources of Mg
than dacite rocks. In all extractor solutions, the highest values of Mg
were released by andesite (Table 5), indicating it to be better Mg
fertilizer. This is due to the mineralogical composition of andesite
(augite and montmorillonite) detected by XRD analysis (Table 2).
The position of pyroxenes in Goldich (1938) series of minerals
stability is less resistant to weathering. This causes an increase in
mineral solubility, with a consequent increase in the availability of
Mg.

Andesite and dacite easily released P, up to 73% and 91.4% of total
P, respectively (Table 5), so that the two by-products are potential P
fertilizer. Most soils are very poor in available P and do notmeet the
demand of crops. A lack of phosphorus affects the plant growth,
development and crop yield, besides the quality of the fruit and the
formation of seeds. This makes P fertilizers must be in soil added
(Brunetto et al., 2015). The P release obtained in this study supports
the application of both by-products as P fertilizer. Silicon release
rates are important in silicate dissolution because Si is a network
former and represent silicate dissolution rates. The release rate of Si
from andesite at acid pH was faster by about 6% above than dacite
(Fig. 3). The release rates of Si from andesite and dacite rock, at acid
pH can be characterized bymuch faster rates by about two orders of
magnitude than those at pH ± 5.02, and by similar rates for
dissolution of both andesite and dacite (Table 6). Experiments in
Milli-Qwater (Table 6) have the lowest release rates and exhibit the
greatest dispersion, possibly due to the effects of precipitation.
These results confirm the observation of Sugimori et al. (2009),
cited earlier in this study. Thus, Milli-Q water does not affect the
dissolution rates of either andesite or dacite at alkaline pH.

The parabolic diffusion, Elovich, and power function equations
were tested for describe the multi-nutrients release from andesite
(ARock) and dacite (DRock) in the two-time slots. Table 6 shows the
comparisons of R2 and the SE values of the kinetic equations tested.
The multi-nutrients release was best described by the power



Fig. 2. Cumulative amounts of multi-nutrients released into the extractor solutions (24e5760 h extraction time).
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function followed by the parabolic diffusion, as evidenced by the
high R2 values and low SE values in the two-time slots (24e96 h
and 96e5760 h). The power function produced a straight line
(Fig. 3), where the constant b, which also represents the slope and
can be used as an index of the release rate of multi-nutrients, varied
significantly between by-products and extraction solutions
(Table 6). Fig. 3 shows that the power function equation adequately
described the process of releasingmulti-nutrients, due to the linear
graphs of ln qt versus ln t. Similar results were obtained by Priyono
and Gilkes (2008), Jalali (2005), and Lu et al. (2007), in which K
release was well described by the power function equation. The
rate constants of the parabolic diffusion model showed higher
values for the time 24e96 h, when compared with the time
96e5760 h. The values of b in the parabolic diffusion equationwere
less than 1 for most of the nutrients studied in all extraction so-
lutions of both by-products in the 96e5760 h time interval,
indicating that the multi-nutrient release rates decreased with the
time (Hosseinpur and Motaghian, 2013) except for Si in the CA
solution. In the study of soil phosphorus release kinetics by Raven
and Hossner (1994), the power function improved the data
adjustment in relation to the parabolic diffusion equation in all soils
studied. Elovich-adjusted multi-nutrient release results varied
significantly between by-products and extractor solutions (Table 6).

The rates constants reported for plagioclase are higher to those
reported by Holdren and Speyer (1987) for dissolution of andesine.
The variation of dissolution rates fromdacitewith pHwas similar to
that obtained by Hellmann (1994) for albite dissolution, and for K-
Feldspar from andesite and dacite (Table 6). It’s important to
highlight, that the andesite and dacite dissolution rates in all
extraction solutions were higher than the K-Feldspar dissolution
rates reported by Bevan and Savage (1989). Andesite and dacite
dissolution rates were like pyroxenes dissolution rates obtained by



Table 5
Solution pH averages, cumulative multi-nutrients release and total extraction from by-products at 24e96 h and at 96e5760 h.

Multi-nutrients Extractor Solution pH average Andesite % pH average Dacite %

24e96 h 96e5760 h 24e5760 h 24e96 h 96e5760 h 24e5760 h

mmol kg�1 mmol kg�1

Ca 7.04 53.8 60.9 6.70 10.5 49.6 60.1 10.1
K 0.93 10.3 11.2 2.10 1.69 17.3 18.9 2.40
Mg W 8.57 4.09 28.3 32.4 3.70 8.51 1.78 7.42 9.21 3.10
P 0.70 1.94 2.65 25.4 0.77 2.59 3.35 28.3
Si 11.1 58.2 69.3 0.70 6.70 63.4 70.1 0.70
Ca 712 2550 3263 34.0 269 1253 1523 44.6
K 2.60 43.7 46.3 17.8 5.40 98.0 103 12.2
Mg CA 2.62 114 3573 3687 28.3 2.31 62.0 721 783 28.4
P 45.8 244.4 290 73.0 79.8 391 471 91.4
Si 94.3 731.7 826 10.9 429 1889 2319 20.8
Ca 201 823 1024 11.4 35.8 214 249 26.0
K 9.46 84.6 94.1 8.80 12.0 86.4 98.4 6.80
Mg AA 6.29 50.2 196 247 12.3 6.15 10.3 48.9 59.2 18.8
P 2.31 18.1 20.4 21.4 1.05 10.4 11.5 25.5
Si 20.1 318 338 3.60 28.8 399 428 3.80
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Sverdrup (1990) at pH < 6 (Table 6).
The geochemical of the by-products was perfectly reflected in

the solubilized ions in CA solution, with Ca and Mg in andesite; and
K and Si in dacite. This shows that there was the decomposition of
minerals and release of nutrients. The release of nutrients by these
materials in the different extractor solutions demonstrated the
residual effect of the by-products studied. In the case of K, the time
factor and the mineralogical composition, together with the sta-
bility of the minerals against the weathering, can justify the low
contents released by the by-products, considered potential sources
of this nutrient. The increase in Ca and Mg levels from andesite are
likely to be better Ca and Mg fertilizer that than dacite. The release
of P by the two by-products evidences the immediate effect of
release of this nutrient, demonstrating potential sources of P. The
results of by-products multi-elements release in this present study
has consistent with those found by Priyono and Gilkes (2008).

The above results demonstrate that a significant body of
knowledge about the far from equilibrium dissolution of (Ca, K, Mg,
P, Si)-bearing silicates is available. According to (Zhu, 2017) the
mechanism of mineral dissolution under natural conditions is
complex, one of the outstanding factors being the soil environment.
These results are of great relevance for providing subsidies for
better rock choice and adaptation of fertilization recommendations.

White and Brantley (2003) reported experimental weathering
rates that decreased constantly with time over at least six years.
The authors showed that ongoing weathering will lead to a slowing
down of mineral dissolution. It is notable that weathering rates
based on natural systems are of 1e3 orders of magnitude less than
those estimated in laboratory experiments (Sverdrup et al., 2019).
In contrast to this interpretation, in experiment conducted by
Leonardos and Theodoro (1999) at the �Agua Limpa farm in Brasília,
Brazil were used three forms of fertilization over 13 years in latosols
(volcanic rock powder, NPK combined with volcanic rock powder,
and NPK). According to the authors, the growth of the eucalyptus
plants grown in the NPK-fertilized plot was rapid until the fourth
year. After this period, tree growth decreased significantly as
compared to the growth of plants treated only with rock dust,
which grew linearly, although more slowly at the beginning.

Mechanized agronomy is characterized by a high consumption
of high solubility fertilizers, pesticides and energy to provide an
adequate growth to the crops. The excess high solubility fertilizers
is is leached to water resources, causing environmental contami-
nation. In this context the use various rock mining by-products in
agriculture can solve the problem of destination of residues
generated by in mining activity, reducing the risk of environmental
contamination (Korchagin et al., 2019).

4. Conclusions

This investigation highlighted the chemical composition of
volcanic rock mining by-products. This study analyzed the kinetics
rates of the releasing of nutrients from two volcanic rock mining
by-products to providing subsidies for better adaptation of fertil-
ization proposals. The agricultural use of by-products in tropical
soils suggest replacing soluble fertilizers because there are pri-
marily composed of aluminosilicates, whose nutritional properties
significantly influence soil fertilization. The important elements,
such as Ca, K, Mg, P, and Si, for agricultural production are also
present in both by-products. However, several factors restrict the
rock dust use as alternative source of nutrients for soil and are the
main challenges of the technique. We can highlight the complex
composition of the rocks; location of the deposits of these rocks in
relation to the site of application; the presumed low-cost methods
of milling; and the behavior of these rocks in the interaction with
the environment where they will be applied. The volcanic rocks
studied in diverse positions relative to the mines of the Nova Prata
region were relatively homogeneous, with high amounts of
geochemical constituents and highly reactive amorphous and
mineral composition, which is a reject product from the mining
activity, but holds potential for application as a soil re-mineralizer
in agriculture, regardless of the mines and the positions inside
the mines.
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Fig. 3. Graphics of kinetics of multi-nutrients release from andesite (ARock) and dacite (DRock), in 0.01 mol L�1 citric acid solution, described by the power function (24e96 h, a, c, e,
g and i) and (96e5760 h, b, d, f, h, and j).
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Table 6
Multi-nutrients (MN) release kinetics: comparison of the parameters for the power-function, parabolic-diffusion and Elovich equations. (W) Milli-Q water; (CA) 0.1 mol L�1

citric acid solution; (AA) Milli-Q water acidified with 0.5 mol L�1 acetic acid.

Solutions MN Parabolic diffusion Elovich equation Power function

24e96 h 96e5760 h 24e96 h 96e5760 h 24e96 h 96e5760 h

ba R2 SE ba R2 SE ba R2 SE ba R2 SE ba R2 SE ba R2 SE

Andesite

Ca 1.58 0.98 0.7 0.17 0.98 0.08 66.58 0.95 28.93 225.09 0.92 74.38 5 0.99 0.88 7.06 0.96 1
K 0.13 0.98 0.06 0.03 0.92 0.01 5.56 0.95 2.47 39.75 0.79 13.31 3.07 0.99 0.71 5.53 0.97 1.12

W Mg 0.36 0.98 0.16 0.05 0.98 0.03 15.11 0.94 6.56 72.36 0.93 24.01 3.85 0.99 0.8 6.06 0.95 0.97
P 0.05 0.93 0.02 0.02 0.91 0.01 1.91 0.87 0.82 30.01 0.79 10.09 2.29 0.99 0.74 5.28 0.93 1.12
Si 0.71 0.98 0.31 0.13 0.97 0.07 29.83 0.95 12.91 171.96 0.91 56.68 4.37 0.99 0.81 6.82 0.94 0.98

Ca 10.83 0.98 4.78 0.82 0.99 0.47 455.71 0.95 196.02 1087.58 0.94 351.59 6.5 0.99 0.91 8.46 0.96 0.98
K 1.35 0.97 0.59 0.25 0.94 0.08 56.96 0.94 24.56 338.39 0.82 108.65 4.88 1 0.86 7.42 0.98 1.14

CA Mg 1.2 0.99 0.54 0.44 0.9 0.12 50.51 0.96 21.83 583.38 0.76 196.39 4.78 0.99 0.79 7.9 0.99 1.44
P 0.54 0.98 0.23 0.06 0.93 0.02 22.57 0.95 9.75 76.22 0.85 23.73 4.15 0.99 0.83 6.1 0.97 0.96
Si 26.23 0.95 11.27 1.55 0.98 0.59 1103.55 0.9 478.4 2057.47 0.82 637.98 7.23 0.99 1.06 9.02 0.97 1.06

Ca 4.04 0.98 1.77 0.27 0.98 0.11 170.01 0.94 73.11 364.03 0.96 145.92 5.73 0.99 0.88 7.53 0.94 1.33
K 0.22 0.82 0.09 0.13 0.99 0.09 9.15 0.74 4.09 175.55 0.95 57.62 3.72 0.97 1.18 6.84 0.92 0.96

AA Mg 0.6 0.85 0.26 0.19 0.95 0.1 25.15 0.78 10.96 257.51 0.97 90.51 4.45 0.98 1.03 7.19 0.96 0.99
P 0.18 0.98 0.08 0.02 0.95 0.01 7.52 0.95 3.25 22.79 0.96 8.15 3.29 0.99 0.79 5.04 0.95 1.01
Si 2.08 0.97 0.91 0.61 0.88 0.21 87.42 0.93 37.41 813.4 0.85 278.4 5.22 0.99 0.83 8.23 0.97 1.18

Dacite

Ca 0.97 0.96 0.42 0.15 0.93 0.08 40.69 0.91 17.49 205.68 0.91 67.48 4.64 0.99 0.86 6.98 0.97 0.97
K 0.22 0.94 0.1 0.05 0.97 0.02 9.1 0.88 3.9 68.89 0.8 22.92 3.49 0.98 0.71 6.01 0.98 1.11

W Mg 0.17 0.99 0.08 0.01 0.99 0.01 7.2 0.97 3.15 16.83 0.91 5.58 3.25 0.99 0.72 4.79 0.97 0.88
P 0.06 0.96 0.03 0.02 0.94 0.01 2.67 0.91 1.14 30.55 0.74 10.37 2.51 0.99 0.74 5.29 0.98 1.32
Si 1.19 0.99 0.53 0.13 0.94 0.04 49.9 0.97 22.04 170.63 0.82 58.62 4.77 0.99 0.88 6.83 0.98 1.13

Ca 4.06 0.98 1.74 0.68 0.92 0.43 170.76 0.84 74.52 898.18 0.93 281.65 5.85 0.99 1.06 8.28 0.96 0.93
K 1.77 0.96 0.78 0.26 0.94 0.08 74.49 0.94 31.87 343.01 0.8 109.7 5.09 0.99 0.81 7.43 0.98 1.09

CA Mg 0.94 0.98 0.41 0.13 0.97 0.04 39.66 0.97 17.07 176.7 0.83 56.92 4.62 0.99 0.84 6.84 0.98 1.12
P 0.52 0.98 0.23 0.07 0.96 0.02 21.91 0.94 9.42 92.62 0.85 29.38 4.13 1 0.8 6.27 0.98 1.01
Si 43.39 0.97 18.93 4.2 0.98 2.11 1825.01 0.94 794.6 5582.48 0.9 1766.89 7.6 0.99 1.05 9.9 0.97 1.03

Ca 3.7 0.98 1.72 0.39 0.97 0.17 155.77 0.99 67.95 520.17 0.87 164.22 5.7 0.99 0.83 7.8 0.98 1
K 0.72 0.96 0.31 0.14 0.94 0.05 30.23 0.91 13.38 190.52 0.82 62.95 4.41 0.99 1.04 6.91 0.98 1.11

AA Mg 0.51 0.96 0.22 0.09 0.98 0.06 21.47 0.91 9.22 122.66 0.92 39 4.14 0.99 0.84 6.52 0.94 0.92
P 0.19 0.98 0.08 0.02 0.93 0.02 7.97 0.94 3.43 24.1 0.89 7.01 3.35 0.99 0.76 5.08 0.96 0.7
Si 2.19 0.87 0.91 0.75 0.92 0.28 92.02 0.8 39.28 999 0.81 327.32 5.39 0.97 0.99 8.42 0.98 1.06

a b/(mg kg�1 h�1).
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