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The increase in demand for highly soluble fertilizers brings a global sustainability concern. Alternative sources for
traditional fertilization are therefore needed. Rock powder use has been proposed as an alternative approach to
soil remineralization. However, research on the agricultural potential ofminerals and rocks as alternative sources
of nutrients is limited to changes in soil chemical attributes or effects on crop yield. In this work, we report an
experimental study addressing the dissolution of two silicate rock-derived powders (andesite and dacite) that
were produced during mining activities in Southern Brazil. The rock powders were exposed to Milli-Q water at
pH (7.4–8.8) range, in solutions of 0.1 mol L−1 citric acid at pH range 2.1–3.3, and Milli-Q water acidified with
0.5 mol l−1 acetic acid (pH 5–5.8), in a continuous mechanical rotatory shaker at room temperature. Dissolution
kinetics were determined as a function of reaction times at 24 to 5760 h, and solution pH. Based on this kinetics,
dissolution rates were determined for the individual powders and compared to expected values for aluminosil-
icates. Based on this comparison, itwas shown that the application of andesite and dacite rock-derived powder to
replace high soluble fertilizers is feasible due to high dissolution rates of theirminerals. The average andesite dis-
solution rates in Milli-Q water, in citric acid solution, and in Milli-Q water acidified with acetic acid were
2.1 × 10−5, 1.92 × 10−1 and 6.3 × 10−4 mmol cm−2 s−1, respectively for Ca, being 183%, 22.6%, and 69.2% higher
than for the dacite rock. Thismake andesite rock a potential substitute for carbonate-based liming. In contrast, the
average dacite dissolution rates in Milli-Q water, in citric acid solution, and in Milli-Q water acidified with acetic
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acid were 1.05 × 10–5, 7.22 × 10−5, and 3.72 × 10−5 mmol cm−2 s−1, respectively for K, being 72.0%, 61.4%, and
73.6% higher than the andesite rock. This highlights its potential use as a K source for agriculture to replace highly
soluble K-fertilizers.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

For a society increasingly aware of the degree of systemic distur-
bances caused by the increasing demand for several consumer products
and by intensification in the exploitation of natural resources, particu-
larly as in agriculture, alternative sources to traditional fertilization,
are therefore needed (Korchagin et al., 2019).

The use of rockpowders as an alternative of soil fertilizer is a very old
practice to increase soil nutrient content and crop productivity, particu-
larly for tropical soils (Silva, 2016; Manning and Theodoro, 2018). This
practice can be applied in many countries by exploiting local geological
sources (Manning and Theodoro, 2018).

Investigations into the agricultural potential ofminerals 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 with release kinetics and to
the effects of weathering on the alteration of by-product minerals.
Among the nutrients that 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.

According to Manning (2018), determine the dynamics of min-
eral nutrient release from rocks and understanding the processes of
weathering and alteration of minerals, is critical to neutralize soil
acidity in mined areas, for the remediation of contaminated areas,
or as a nutrient source for agricultural crops, by the rock-derived
powders application.

Mineral dissolution rates can be influenced by the presence of
organic ligands, as such ligands may bind metal cations in solution, or
may form complexes on the mineral surface that enhance dissolution
rates. The dissolution effects are strongly dependent on ligand, mineral
species, and on pH (van Noort et al., 2018).

Several studies on K release kinetics were carried out with rock dust
in dilute salt solutions, low molecular 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 min-
erals 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 dis-
posal of by-products, and reduce environmental pollution (Nishanth
and Biswas, 2008).

In Southern Brazil, tonnes of rock powder are produced in different
quarries (Korchagin et al., 2019). Little research has been done on the
kinetics of Al, Ca, Fe, K, Mg, Na and Si release from silicate rock-
derived powders intended for agricultural use.

To study the applicability of andesite and dacite rock-derived by-
products, leaching tests have been carried out. These by-products
have been dissolved over a period of 24 to 5760 h, in Milli-Q water at
pH (7.4–8.8) range, in solutions of 0.1 mol L−1 citric acid at pH
(2.1–3.3) range, and Milli-Q water acidified with 0.5 mol L−1 acetic
acid at pH (5–5.8) range, under stirred continuous on a mechanical
rotatory shaker, at room temperature. These conditions were chosen
to approximate natural weathering conditions, including the potential
to form concentration gradients in the liquid phase, and limiting particle
collisions that may abrade leached or precipitated layers. According to
Hochella and Banfield (1995), such leached or precipitated layers may
form on the particles during weathering in agricultural fields. During
the experiment, the solutions pH was measured to observe the effects
of different solution in the elements release and mineral dissolution
rates. After the experiment, the concentrations of Al, Ca, Fe, K, Mg, Na
and Si were used to calculate element release rates through the fluid
flow rate, the specific surface area and mass of the solid used in the
experiment (Gudbrandsson et al., 2011). The Information of this study
are fundamental for ensuring safe and efficient use of silicate rock-
derived by-products as soil fertilizer.

2. Material and methods

2.1. By-product samples

Twenty kilograms of each by-product powder with particle sizes
below 5.0 mm for chemical characterization and kinetic release experi-
ment were used in this investigation. Vesicular andesite and dacite
rocks, respectively, were from Estância Velha, and Nova Prata, both of
Rio Grande do Sul state, Southern Brazil (Fig. 1).

The study region is recognized for the large volume generated
(52,400 m3 annually) of mining tailings (Toscan et al., 2007). According
to Nardy et al. (2008) in the Serra Geral Group the dominant volcanic
rocks are basalt, basaltic andesite and andesite, followed by riodacite
and little rhyolite, composed of 30 to 50% of plagioclase, 20 to 3 5% of
augite and pigeonite and 5 to 15% of opaque minerals.

2.2. By-products particle size distribution

The granulometry of the by-products has great influence 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 the particles was determined by using laser diffrac-
tion equipment (CILASTM1064).

The specific surface areas of andesite and dacite were determined by
an N2 adsorption Brunauer–Emmett–Teller method (BET, Shimadzu,
Micromeritics FlowSorb II 2300).

2.3. By-products mineralogy

The mineralogical phases of the by-products were determined by
X-ray diffraction (XRD) in a Philips X-ray diffractometer, according to
Ramos et al. (2019).

2.4. By-products chemical composition

The determination of the chemical composition of major elements
(in % of oxides weight) of the by-product samples was performed by
X-ray fluorescence (XRF). Quantitative analysis was performed using
the lithium tetraborate fused powder sample technique, with calibra-
tion curve from rock patterns. X-ray fluorescence technique was
employed to determine the chemical composition of the by-products.
This analysis was performed in compliance with Ramos et al. (2019).

2.5. Mineral dissolution and procedures

Dissolution experiments were carried out in in a continuous shaken
mechanical system for 5760 h in a plastic vial, hermetically sealed, at



Fig. 1. Studied area.
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room temperature (25 ± 1 °C). Table 1 shows the dissolution experi-
mental conditions.

In experimentwithmildly acidifiedwater by acetic acid (AA), the so-
lutions 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 20mL of each solu-
tionwas collected at 24, 48, 72, 96, 168, 336, 504, 720, 1440, 2160, 2880,
3600, 4320, 5040, and 5760h andfiltered. Before aliquots collect, the pH
of the extraction solutions was measured in DM-2P Digimed pH-meter,
to verify the relationships between this parameter with the mineral
dissolution rates. After each collectwasmade the replacement of the so-
lutions and the by-products remaining in the filters for vials. These
experiments were performed in laboratory conditions with three repli-
cates. The concentrations of multi-elements released in each solution
were quantified by ICP-AES.

The Al, Ca, Fe, K, Mg, Na, and Si concentrations, were used to calcu-
late element release rates (ri,j) using the dissolution equation
(Gudbrandsson et al., 2011):

ri; j ¼ CiFR= Ajmð Þ ð1Þ
Table 1
Methods and procedures to extract and determine multi-nutrients release from solid to liquid

Extractor solutions pH Concentrations Amount of by-produ

(mol L−1) (g)

Milli-Q water (W) 7.05 – 250
Citric acid (CA) 1.87 0.1 250
W + acetic acid (AA) 5.00 0.5 acetic acid 100

a British Standard European Norm.
where ci represents the concentration of the element in the outlet fluid,
FR designates the fluid flow rate, Aj and m refer to the specific surface
area and mass of the solid, respectively.
3. Results and discussion

3.1. By-product particle size characterization

The particle size distribution of the by-products, obtained by a
sieving, is shown in Fig. 2. The size distribution analysis showed that
100% of the particles of andesite had a minimum size of 500 μm and
50% had a minimum size of 31 μm. Dacite had 100% of the particle
sizes below 500 μm and 50% below 99 μm. This lower size distribution
of andesite may increase nutrients release. Priyono and Gilkes (2008)
investigated the multi-nutrients dissolution kinetics of silicate rock
with particle sizes below0.25mmand 0.15mm in organic acid solution.
The authors showed that the dissolution rate of cations increased with
smaller particle size.
phase.

cts Amount of solution Shaking Methods

(L) (rpm)

2.5 30 BSEN (2002)a

2.5 150 Teixeira et al. (2015)
2.0 30 Etim and Onianwa (2013)



Fig. 2. Granulometric distribution curves obtained by laser diffraction. (A): Andesite rock powder; (B) Dacite rock powder.
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The specific surface area, as determined by BET method, was
10.05 m−2 g−1 for andesite and 4.90 m−2 g−1 for dacite. These results
agree with those obtained by Nielsen and Fisk (2008) that measured
the specific surface area of 13 samples of silicate rock taken from the
sea using the BET method and showed a range of 0.3–52 m−2 g−1.

3.2. Mineralogy

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 (Fig. 3).

The andesite rock mineralogical studies showed the high content of
laumontite, a zeolite groupmineral (Fig. 3A), 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 between mineral 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 pres-
ence of montmorillonite, with smaller proportion in dacite rock, and
hematite shows the marked condition of weathering of the rocks
(Fig. 3A-B). Andesine occurs in andesite and albite in dacite, that are
Table 2
Semiquantitative approximation (%) of the main mineral phases present in the andesite
and dacite samples.

Mineral species Chemical formulas Mineral
groups

Abundance
(%)

Andesite
Andesine (Na,Ca)(Si,Al)4O8 Plagioclases 27.1
Laumontite Ca4Al8Si16O48.14H2O Zeolite 12.9
Hematite Fe2O3 Hematite 2.70
Orthoclase KAlSi3O8 K-Feldspars 13.3
Quartz SiO2 Silica 5.40
Montmorillonite (Na,Ca)(Al,Mg)2Si4O10(OH)2.n

(H2O)
Smectites 14.1

Augite (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6 Pyroxenes 24.6
Total 100.1

Dacite
Albite NaAlSi3O8 Plagioclases 35.3
Hematite Fe2O3 Hematite 1.00
Cristobalite SiO2 Silica 5.80
Quartz SiO2 Silica 12.4
Montmorillonite (Na,Ca)(Al,Mg)2Si4O10(OH)2.n

(H2O)
Smectites 2.20

Sanidine (K,Na)(Si,Al)4O8 K-Feldspars 28.6
Augite (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6 Pyroxenes 14.7
Total 100.0
feldspar class minerals (Fig. 3A-B). Andesine has a high proportion of
calcium and sodium, and albite has a high sodiumcontent in their struc-
ture. 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 (Fig. 3 A-B), that are minerals
of K-feldspar group. Potassium is released when these minerals are
slowly weathered (Rawat et al., 2016). The pyroxenes such as diopside
in andesite, and augite in dacite can release Mg, Fe, and Ca, and form
new minerals. These results concur with Deer et al. (2013), that most
common rock-formingminerals were plagioclases, pyroxenes, and feld-
spar. The susceptibility toweathering that themineral phases present in
the studied samples, are a good indication of the ability of multi-
nutrients release to the soil.

3.3. By-products chemical composition

Table 3 shows the concentration of themajor andminor elements of
by-products expressed by respective oxides. 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 chemical composition of the by-products, expressed as major
and minor elements, allowed to classify the rocks as andesite
(Szymański and Szkaradek, 2018) and dacite (Streckeisen, 1976).
According to the Total Alkali Silica (TAS) classification of andesite, it in-
cludes an average amount of silica (57% to 63%), more than basalt and
less than dacite (Gill, 2010). Compared to each other, and as expected,
andesite contains higher Al2O3, Fe2O3, CaO, MgO, TiO2, Na2O and MnO
contents. In dacite the SiO2 andK2O contents are higher than in andesite
(Table 3). Based on macronutrient K content, the dacite would be the
most 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 im-
portant macronutrients to agriculture. These elements could be sup-
plied 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 photo-
synthetic process (Guo et al., 2016). The P2O5 content of by-products are
similar (Table 3), 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 is
essential to crop growth, although it is not regarded as an essential nu-
trient. According to Epstein (1999) Si-deficient plants have generally



Fig. 3. (A) X-ray diffractogram of andesite; (B) X-ray diffractogram of dacite.
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structurallyweaker andmore prone to growth, development and repro-
duction irregularity. Silicon is the only nutrient that is not harmfulwhen
over-absorbed. In addition, it helps to control pests and increase the
Table 3
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.
productivity and quality of agricultural products (Keeping, 2017;
Beerling et al., 2018).

An important concern when applying silicate rock-derived powders
to agricultural soils is the potential toxic elements release, as these rocks
can contain such elements in relatively high concentrations. Ramos et al.
(2017, 2019), studied the nutrients release of silicate rock-derived pow-
der and concluded that the rock has low concentrations of potential
toxic elements, which do not represent an environmental risk.

3.4. Multi-elements release and their rates

The concentration of multi-elements released from andesite and
dacite in extractant solutions, and the solutions pH values, as a function
of reaction time are showed in supplementarymaterial. Fig. 4 shows the
accumulatedmulti-nutrient concentrations released by the by-products
at 24–5760 h.

The all multi-elements release from both by-products in Milli-Q
water was very low (Fig. 4); the accumulated release of Al
(8.03 mmol kg−1) and K (11.2 mmol kg−1) from andesite at 5740 h
was smaller than from dacite (12.2mmol kg−1 of Al and 19mmol kg−1

of K). Calcium, Na and Si cumulative released was similar from both



Fig. 4. Accumulated amounts of A1, Mg, Si and Fe (mmol kg−1) released from biotite under different extractants solution, plotted against experimental time (h) at room temperature.
Vertical bars (I) represent the standard error from three replications.
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by-products, around 60, 103 and 70 mmol kg−1, respectively. The Mg
and Fe (32.4 and 1.31 mmol kg−1) accumulated release from andesite
was significantly higher than from dacite (9.2 and 0.62 mmol kg−1).
This low release in water, suggests the precipitation of (Al, Ca, Fe, K,
Mg, Na and Si)-bearing mineral (s) (Sugimori et al., 2009), that make
up the andesite and dacite rocks. The low release of multi-elements
from andesite and dacite rock powder in water, also can be explained
by its high pH value, and its low ability to remove interlamellar cations
from rock minerals (Silva et al., 2013).
The most distinguished differences were observed in the accumu-
lated release of Ca, Mg and Fe from andesite rock, and of Al, K, Na and
Si from dacite rock, in citric acid solution (Fig. 4); andesite rock released
3263 mmol kg−1 of Ca, 3687mmol kg−1 of Mg and 1209mmol kg−1 of
Fe, while the dacite released 1523, 783 and 870 mmol kg−1,
respectively.

In andesite and dacite rock mineral dissolution in water acidified
with acetic acid (Fig. 4), the behavior of accumulate multi-elements
release was like in Milli-Q water. There were a lot of differences in
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released amounts between Milli-Q water acidified with acetic acid,
N100% above thanMilli-Q water, and N100% below than citric acid solu-
tion. The dissolution rates (r) from andesite and dacite are shown as a
function of time in Fig. 5, and as a function pH in Fig. 6, where the differ-
ences in the amounts of releases between extraction solutions are
emphasized. All multi-elements release rates of both by-products de-
creased with increasing pH, and increased with decreasing pH (Fig. 6),
displaying a synclinal shaped pH dependence.

Silicon release rates are important in silicate dissolution because Si is
a network former and represent silicate dissolution rates. The release
rate of Si of andesite at pH b 3.25 was faster by about 6% above than
Fig. 5.Multi- elements release rates from a
dacite (Figs. 5-6). The faster Si release was also evident for dacite disso-
lution at pH b 5.1, about 9% higher andesite. The release rates of Si from
andesite and dacite rock, at pH b 3.25 can be characterized by much
faster rates by about two orders of magnitude than those at pH b 5.1,
and by similar rates for dissolution of both andesite and dacite
(Fig. 5A-B). These faster Si release rates can be attributed to the Si ad-
sorption onto Fe3+ oxides/hydroxides surfaces (Siever and Woodford,
1979); precipitation of Si-bearing secondary minerals; inhibition of sil-
icate dissolution by the formation of secondary precipitates or altered
layers on mineral surfaces (Morris and Fletcher, 1987); and direct dis-
solved oxygen (DO) interaction with silicate surfaces (Ouyang et al.,
ndesite and dacite as a function time.



Fig. 6.Multi-elements release rates from (A) andesite and (B) dacite versus solutions pH.
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2003). Experiments at pH N 9 (inMilli-Q water) (Fig. 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
pH 7.6–8.8.

The average rate constants for release of Na and Al from andesite
(log r = −7.6 and − 6.9 mol cm−2 s−1) and dacite (log r = −7.1
and − 6.8 mol cm−2 s−1) are about three order of magnitude fast
than those reported by Declercq et al. (2013) for rhyolite dissolution
at pH2 and 25 °C. The rates constants reported for plagioclase are higher
to those reported by Holdren and Speyer (1987) for dissolution of
andesine at a pH of 3, which ranger from log r = −15.1 to
−14.6 mol cm−2 s−1. The variation of dissolution rates from dacite
with pHwas similar to that obtained by Hellmann (1994) for albite dis-
solution (−4.1 mol cm−2 s−1 at pH 5), and for K-Feldspar
(−6.2 mol cm−2 s−1 at pH 5–8.6) from andesite and dacite (Fig. 6).
It's important to highlight, that the andesite and dacite dissolution
rates in all extraction solutionswere higher than theK-Feldspar dissolu-
tion rates (1.67 × 10–12 mol cm−2 s−1at pH 5) reported by Bevan and
Savage (1989). Andesite and dacite dissolution rates were like pyrox-
enes dissolution rates obtained by Sverdrup (1990) at pH b 6
(−7.3 mol cm−2 s−1) (Fig. 6).

White and Brantley (2003) reported experimental weathering rates
that decreased constantly with time over at least six years. The authors
showed that ongoingweatheringwill lead to a slowing down ofmineral
dissolution. It is notable that weathering rates based on natural systems
are of 1 to 3 orders ofmagnitude less than those estimated in laboratory
experiments (Sverdrup, 1990). In contrast to this interpretation, in
experiment conducted by Leonardos and Theodoro (1999) at the Água
Limpa farm in Brasília, Brazil were used three forms of fertilization
over 13 years in latosols (volcanic rock powder, NPK combined with
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volcanic rock powder, andNPK). 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.

Theweathering rates estimated in laboratory experiments of the pres-
ent work, although they are upper to 1–3 orders ofmagnitude than those
onnatural systems are of are of great relevance for providing subsidies for
better rock choice and adaptation of fertilization recommendations.

4. Conclusions

This work analyzed the kinetics rates of the releasing of multi-
nutrients from two volcanic rock mining by-products to providing
subsidies for better adaptation of fertilization recommendations. The
agricultural use of by-products in tropical soils suggests replacing solu-
ble fertilizers because there are primarily 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 fac-
tors restrict the rock dust use as alternative source of nutrients for soil
and are themain challenges of the technique.We can highlight the com-
plex 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 en-
vironment where they will be applied.

The results of kinetics of multi-nutrients release of this study
indicated that the by-products have potential to be used as a multi-
nutrients fertilizer and liming. These results reinforce the importance
of deepen researches related to rocks, which should be tested for use
in varying conditions of soils, crops and agricultural systems in different
regions of the world. This is justified by the fact that these rocks are
abundant with wide distribution and variable in the earth.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.136240.
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