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Abstract: The quality of lime is generally estimated by traditional methodologies, which consist of
coarse granulometry and chemical reactivity determinations. Performing a detailed chemical/min-
eralogical and fine granulometric characterization is the objective of this study. Fifteen lime samples,
from an original 52 commercial samples, were analyzed by their granulometric profile (GP) and
chemical-mineralogical compositions to discuss limestone quality inside the tree group of tradi-
tional efficiency neutralizing power (ENP) and Mg contents. The lime reactivity was estimated us-
ing laser diffraction under water and acid solution (1 mol L' HCI). The grain-size distribution
ranged from 0.563 to 1124 um and the GP was associated with the chemical and mineralogical com-
positions. Samples with high ENP (>99%) presented differences in GP regarding Mg contents. Lime
with low ENP presents the most varied mineral assemblage, while calcite and dolomite were the
predominant minerals in high-ENP samples. Samples containing high Mg were the most sensitive
to the acid solution, suggesting great reactivity. This work contributes to a better understanding of
limestone quality than routine analyses performed so far. Additionally, the use of the laser diffrac-
tion method promotes a rapid lime reactivity test for liming purposes.

Keywords: mineral dissolution; particle-size distribution; milling process

1. Introduction

Liming is an agricultural practice that uses commonly, but not only, milling lime-
stone in acid soil to increase soil pH, eliminate Al** toxic to plants, and supply Ca+Mg [1-
3]. Due to lime application, the root system grows throughout a larger soil volume, lead-
ing to increased crop yield [2,4]. Liming is a complex and integrating practice, and its
success depends on several factors related to the soil, the plant, and the quality of the
liming product (i.e., stone mineralogy, chemical and milling process) [1-3]. Furthermore,
changing the soil pH alters several other soil properties, such as the cation exchange ca-
pacity, base saturation, cationic micronutrient immobilization, soil particle aggregation,
biological nitrogen fixation, and soil-water interaction [2,5-9].

Briefly, liming success depends only on chemical efficiency, which is the capability
to produce OH- and neutralize H* from soil [10]. All remaining physicochemical soil
changes are consequences of the decrease in proton activity in soil solution [3,6]. Currently
in the literature, liming products’ ability is associated with the chemical reactivity and
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granulometric profile of limestone powders [4,8]. An efficacy index can be calculated as a
common liming product quality indicator (i.e., equivalent neutralizing power —ENP). The
ENP integrates the reactivity efficiency and neutralizing power [4]. In this sense, the lim-
ing product efficiency depends on its H*-neutralizing power and particle-size distribution
after the milling process. However, traditional methods for estimating liming product ef-
ficiency were developed a half century ago for conventional soil management systems
(i.e., where the soil disturbance reaches 20 to 30 cm depth).

Concerning the method of liming product application, it is well known that limestone
incorporation up to 0.20 m depth allows better root system development for exploring
great soil volume [10,11]. However, liming efficiency in in-depth H-neutralizing when
lime is applied on the soil surface, takes time to react and reach deeper soil layers [1,3,12-
14]. This occurs because lime migration in the acidic soil profile is also strongly dependent
on the soil’s physical properties, mainly linked to the water infiltration capacity [3]. These
factors explain why there are contrasting results in the literature regarding the liming ef-
ficiency depth when lime is broadcasted on the topsoil [1,2,13]. Another scientific point
concerns the proportion of Ca and Mg in the lime composition. Several studies have
demonstrated that adequate crop yield is correlated with lime rate rather than the propor-
tion of Ca:Mg present in lime [15,16].

The current challenge regarding liming is the application in a no-till system, where
there is no soil disturbance and limestone powder is only broadcast on the soil surface. In
these conditions, we expect that the neutralization of soil acidity in-depth after topsoil
liming application will become more dependent on the mineralogical composition and
grain-size distribution profile after the milling process. Thus, a detailed chemical/miner-
alogical characterization of lime powders must be considered in order to estimate the lime
efficiency of lime powders.

In the literature, the alkaline/calcareous rock characterization has been of geological
interest [17]. For instance, Olego et al., 2021 [7] stated that liming material is a crucial step
for choosing an adequate limestone product for the liming purpose of acid soils. However,
few studies have been devoted to exploring limestone quality, including methodology
improvement, mineral characterization, and the relationship between chemical parame-
ters and particle-size distribution for agricultural purposes. In addition, the literature is
relatively vast with regard to the liming effect on soil properties, including biological,
chemical, and physical ones [6,7].

The objective of this work was to evaluate the chemical and mineral composition of
lime, as well as to associate them with the grain-size distribution of commercial liming
products for acidity correction (limestones/oxides/hydroxides) commonly used in acid
soil under the no-till system from Brazilian agriculture. We will discuss whether liming
products with different calcium (Ca) and magnesium (Mg) compositions and grain-size
distribution present similar reactivities estimated by the EPN. Our results may aid in de-
fining a new methodological basis for liming product choice and more efficient liming
practice, as suggested in the literature [7].

2. Materials and Methods
2.1. Strategy of Study

This study took powder aliquots of 52 commercial liming products from many parts
from Southern Brazil. The sample collection was sent to the commercial laboratory at the
University of Passo Fundo for an exploratory study promoted by CCGL/RTC and FE-
COAGRO/RS. The liming products were analyzed based on the chemical composition and
ENP parameter [18].

For the ENP estimation, we used limestones/correctives samples after drying at 105°
C

ENP = (RE * NP)/100 (1)
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where RE is the reactivity efficiency and NP is the neutralizing power.

For this, two aliquots were taken: one aliquot of 1 g was taken for the chemical neu-
tralizing power measurement. The sample was placed inside a 250 mL flask (Erlenmeyer
type) and 50 mL of 0.5 mol L' HCI solution was added. Afterward, the flasks were boiled
for 5 min. The solution was transferred to a 100 mL volumetric flask and the volume was
completed with distilled water. Using a volumetric pipette, 50 mL of the supernatant so-
lution was transferred to an Erlenmeyer flask of 100 mL. Next, 3 drops of a phenolphtha-
lein solution, as an indicator, was added and the titration was made using 0.25 NaOH mol
L1 solution to neutralize the acid excess. The NP was calculated as follows, relative to
ultra-pure CaCOs:

NP =10 * [(20 * M1) - (Vb * M2) * G] )

where M1 = concentration of HCI solution (mol L!); Vb = volume (mL) of the NaOH
used for the titration; M2 = concentration of NaOH solution (mol L); and G = initial mass
of sample (g).

Another aliquot was used to estimate chemical reactivity based on the particle-size
distribution. For this, 100 g of lime powder was placed in a sieve shaker device, which
contained sieves with diameters of 2 mm (S1), 840 um (S2), and 300 um (S3). The reactivity
was calculated as follows:

RE = 0.2 * (S1-S2) + 0.6 * (S2-S3) + S3 3)

where S1, S2, and S3 are the mass retained in each sieve.

Based on the ENP results, 15 samples were selected to represent three groups of ENP:
(i) 70-80%, (ii) 80-99%, and (iii) >99%. Furthermore, for each group, the samples were
separated into sub-groups that had low- and high-magnesium content. Details of this
strategy are shown in Table 1.

Table 1. Groups of limestones/correctives product samples based on the efficiency neutralizing
power and MgO and CaO contents.

2 mm Retained 0.3 mm Ca/Mg
Samples ENP/MgO Contents 0.84 mm NP (%) ENP (%) MgO (%) CaO (%) .
Mesh Mesh Ratio
Mesh
1 70-80 high Mg 0 14.4 28.7 102.03 78.56 10.12 31.43 3.7
2 0 19.1 30.6 104.23 75.55 10.16 28.16 3.3
3 0 194 35.0 103.19 72.73 10.12 28.65 3.4
4 80-99 high Mg 0 6.5 13.0 108.88 97.56 10.09 29.28 3.4
5 0 12.0 225 111.44 90.71 10.06 30.08 3.5
6 0 7.0 15.3 110.51 97.56 10.45 29.99 3.4
7 low Mg 0 7.2 245 104.24 88.02 5.51 43.2 9.3
8 0 9.2 25.6 100.29 82.64 6.55 37.92 6.9
9 0 8.6 20.4 104.35 88.66 7.01 45.16 7.6
10 >99 high Mg 0 0 0 9947 99.47 10.32 30.53 3.5
11 0 0 0 159.89  159.89 10.59 30.62 3.4
12 0 0 0 155.94 155.94 10.08 38.64 45
13 low Mg 0 0 0 105.37  105.37 0.61 43.1 83.7
14 0 0 0 99.13 99.13 0.56 45.92 97.1
15 0 0 0 107.72 107.72 0.51 56.72 131.7
min n=>52 69.2 0.5 23.0
mean n=>52 88.2 5.6 31.6
max n=>52 159.9 10.6 56.7

Efficiency neutralizing power (ENP).
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2.2. Limestone Powder Characterization

The samples were separated into three size-particle fractions (i.e., total, >0.30 mm,
and <0.30 mm fractions), and they were characterized by their chemical and mineralogical
compositions.

Total chemical composition was performed using an S2 Ranger energy dispersive X-
ray fluorescence device (EDXRF) (Bruker®, Billerica, MA, USA). The samples were pre-
treated as follows: the limestone samples were dried at 45 °C for 48 h, and 7.0 g of powder
was mixed with 3 g of HsBOsand pressed at 25 tons per cm? using a Fluxana Press device
(Fluxana®, Bedburg-Hau, Germany) to form pellets. The pellets were placed in the S2 de-
vice and the operational configuration measurements were made as follows: measure-
ments in triplicates; atmosphere using helium gas. The chemical results are given in the
oxide form, expressed in mg kg

2.3. Mineral Composition

The mineralogy was performed using an X-ray diffraction (XRD) device, model D2
Phaser (Bruker®). The configuration of operation was at 30 w and 15 mA. The powder in
three fractions (whole fraction, <0.3 mm, and >0.3 mm fractions) were recorded in XRD
patterns between degrees 5-65° 2theta at the steep of 0.02°.

The mineralogical composition was estimated according to Brindley and Brown [19],
comparing the XRD pattern peaks with the reference mineral’s peaks. We also used Dif-
fracEVA software (Bruker®) to find the minerals in the Crystallography Open Database
(COD) mineral base.

2.4. Particle Size Distribution Using Laser Diffraction

The particle-size distribution (PSD) was carried out using a laser diffraction device
(LD) model Bettersizer S2-WD®, operating in a liquid media recording grain-size ranging
from 0.02 pm to 2000 um. This device uses the Mie theory as the optical model; details of
the methodology may be found in the literature [5]. The powder limestone samples (whole
fraction < 300 pm) were recorded in triplicates. One gram of each sample was pre-pre-
pared as follows: (i) the samples were suspended in a Becker flask in 50 mL of distilled
water, under agitation, and then the suspension was introduced in the LD chamber, and
after 1 min under agitation, the PSD was estimated and recorded; (ii) in the same Becker
flask, 5 mL of 1 mol L' HCI solution was added to the sample, and a new LD new meas-
urement was performed after 1 min; (iii) the measurements were repeated after 5 min. In
this way, the same samples produced three size profiles (i.e., with only water, after adding
HC], and recording after one and five minutes). The HCl concentration chosen was in
accordance with reactivity analysis of liming products and aims to have a H* surplus fa-
voring the acid/base reaction, engendering mineral dissolution [8,10,18]. We expect the
granulometric profile of the liming products to change as a consequence.

2.5. Statistical Analysis

A descriptive analysis was performed on all samples (52 samples). Principal compo-
nent analysis (PCA) was carried out on the data using 15 samples, considering a p < 0.1.
The principal component analysis explains the correlation degree among the variables.
The axes PC1 and PC2 explain, in an orthogonal manner, the strongest magnitudes of data
variability by percentage [20].

3. Results
3.1. Descriptive Analysis of Chemical Composition and Reactivity

Overall, the whole set of 56 liming product samples presented ENP values ranging
from 69.2 to 159.9% (mean of 88.2% —Table 1). The calcium (CaO) content ranged from
23.0 to 56.7% (mean of 31.6%), while magnesium (MgO) content ranged from 0.50 to 10.6%
(mean of 5.6%).
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Relative proportion, %

Relative proportion, %

Regarding the 15 liming products samples (Table 1) only: they were selected for de-
tailed mineralogical, chemical, and granulometric analysis. We found the mass ratio of Ca
to Mg for these samples ranged from 3.3 to 131.7 (Table 1). For the group I (lower ENP:
~70-80%), only samples with high Mg content were found. The samples from group II,
presented two sub-groups: low Mg content (~6.0% of MgO) and high Mg content (~10.0%
of MgO). The mass ration of Ca to Mg was approximately 3:1 for the subgroup with high
Mg and 7:1 for the subgroup with low Mg content. In group III, the mass ratio of Ca to
Mg was approximately 3:1 for the subgroup with high Mg and 88:1 for the subgroup with
low Mg content (Table 1).

All subgroups with high Mg content presented a similar proportion between Ca:Mg
(around 3:1), but placed in different ENP groups (Table 1). This suggests a similar chemi-
cal composition but different cation-bearing mineralogy.

The samples with ENP from group I (ENP < 80%) presented a varied chemical com-
position mainly composed of CaO and MgO, but presenting SiO2, A2Os, Fe20s, K20, Cl,
TiOz, P20s e SrO in their composition (Figure 1). Lime with high ENP presented a simpler
chemical composition, based only on CaO (low Mg content) or in combination with low
Mg content (Figure 1).

Low Mg level High Mg level
. 50 - S B A oo 1
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S- 40
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80 - 80 - )
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i (=] E
Hl Total £ 8 H Total
B <0.3mm © 40 B <0.3mm
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Ca0 MgOSIO, ALO, Fe,0, KO CI TO, PO, S1O

100
Sample 14: ENP >99%, Low Mg

80
I Total

60 4 [ < 0.3mm
3 > 03mm

40 /

0
Ca0 Mg0 S0, ALO, Fe, 0, KO Cl TiO, PO, S1O

Relative proportion, %

60 -

40

Ca0 MgOSi0, ALO, Fe,O0, KO C1 TiO, PO, SIO

= Sample 11: ENP >99%, High Mg

i

I Total
B <0.3mm
3 > 0.3mm
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Figure 1. Chemical composition using X-ray fluorescence by dispersive energy from representative
lime/corrective samples separated into three groups of efficiency neutralizing power —ENP and two
Mg levels (low and high). The samples’ number correspond to the samples described in Table 1.
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Lime with low ENP presented a higher proportion of 5iOz, Al20s, and Fe20s, indicat-
ing the presence of aluminosilicates minerals, as sample 01 (Figures 1 and 2; Table 2). Al
contents (Al20s) can reach values as high as 4% (Figure 1). These mineral compounds did
not affect soil acidity and, therefore, are contaminants (Figure 1). The high MgO content
was associated with low aluminosilicates minerals content.

Table 2. Mineral composition and quantification based on the X-ray diffraction (XRD) patterns from
limestone/corrective powder samples.

XRD Peak = Relative P i
Samples Mineral Ideal Chemical Formula ea . s (d=nm) elative o roportion
Intensity(I/Io) Yo
1), 2, .
( )3 Ankerite  CaFez + 0.6Mg0.3Mn:2 + 0.1(COs)2  0.289(1), 0.181(0.06), 0.219(0.06) 441
Dolomite CaMg(COs)2 0.288(1), 0.178(0.6), 0.219(0.5) 37.6
Sillimanite (A2O3)(5102) 0.342(1), 0.337(0.65), 0.22(0.6) 8.9
Otavite Cd(COs) 0.295(1), 0.378(0.8), 0.246(0.35) 3.8
Ca10c1te CaCOs 0.303(1), 0.209(0.18), 0.228(0.18) 1.3
Mica 1.00 ~
4, (5), .
6 Dolomite CaMg(COs)2 0.288(1), 0.178(0.6), 0.219(0.5) 84.5
Ankerite  CaFez +0.6Mg0.3Mn:2 +0.1(COs)2  0.289(1), 0.181(0.06), 0.219(0.06) 7.4
Otavite Cd(COs) 0.295(1), 0.378(0.8), 0.246(0.35) 5.8
Quartzo S5i02 0.6
7
! ;8)' Calcite CaCO:s 0.303(1), 0.209(0.18), 0.228(0.18) 54.0
Dolomite CaMg(COs)2 0.288(1), 0.178(0.6), 0.219(0.5) 36.1
Quartzo SiO2 8.7
Otavite Cd(COs) 0.295(1), 0.378(0.8), 0.246(0.35) 1.2
Mica 1.00 ~
10, (11), .
12 Calcite CaCO:s 0.303(1), 0.209(0.18), 0.228(0.18) 66.3
Portlandite Ca(OH): 0.262(1), 0.49(0.74), 0.192(0.42) 14.3
Periclase MgO 0.210(1), 0.148(0.52), 0.122(0.12) 13.8
13, (14), .
1(5 ) Calcite CaCO:s 0.303(1), 0.209(0.18), 0.228(0.18) 87.1
Briartite Cu2ZnossFe20.25GeSa 0.306(1), 0.187(0.5), 0.189(0.5) 1.2

Relative proportion among mineral assemblage was obtained in the Diffrac-EVA software. The
numbers between parentheses correspond to the sample’s number presented in Table 1.

As can be seen in sample 14 from group III (>99% ENP) with low MgO content (Fig-
ure 1), the overall concentration of MgO is very low, but in the particle-size fraction > 0.3
mm, the concentration of MgO is 5.6%. The highest MgO content among the lime samples
was approximately 40% in sample 11 (Figure 1).

Regarding the particle-size fraction evaluated, for samples 14, 11 (ENP > 99), and 5
(ENP 80-99%) the > 0.3 mm fraction presented lower CaO content than the other fractions,
indicating mineral selectivity by size. Furthermore, sample 5 presented in the > 0.3 mm
fraction lower MgO content than the other fractions. The K20 varied among the fraction
for samples 11 and 14, presenting ~3% of K in the fraction > 0.3 mm.

3.2. Mineralogical Assemblage

Lime with low ENP (group I) was associated with a rich mineral assemblage, com-
posed basically of ankerite, dolomite, and sillimanite minerals, while calcite mineral con-
tent was found in a proportion lower than 1.5% (Figure 2 and Table 2). Group Il was very
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similar in mineralogical assemblage to group I, but the dolomite proportion was bigger in
the mineral assemblage. Lime with high MgO content was associated with dolomite min-
eral presence for samples 1 and 5 (groups I and II).

Low Mg level High Mg level
Sample 1. ENP: 60-80%, High Mg
g
2 82 FSORG | BSWELY 5ER 5 EEI
£ -4 s 33 SN YH s 3 Bags
= |
A >0 3mm
<0.3mm
Jh L._._.JLJM» Total
0 10 20 30 40 50 60 70
Degree 20
Sample 8, BNP: 80-99%, Low Mg Sample 5, ENP: 80-99%, High Mg
B r @R BEER SR UREENY & g MY um
> i M T =
s =
>0.3mm >0.3mm
<0.3mm ll .3mm
il o el LML o
0 10 20 30 40 50 60 70 0 10 20 30 40 5 60 7
Degree 29 Degree 20
Sample 14, ENP: >99%, Low Mg Sample 11, dNP: >99%, High Mg
:
£ gigg Jgs & SWcs3 A aglunagﬁs'
8 SSYNEZ 2 s3 3 33338
> 2
3 =
&
2 E
uT >0.3m = L >0.3mm
e Uh <03me / 03w
J uJ Total — L Total
0 1 20 3 4 50 60 70 0 LY 70
Degree 20 Degree 21

Figure 2. X-ray diffraction patterns from representative liming products (in three fractions) were
separated into three groups of efficiency neutralizing power (ENP) and two Mg levels (low and
high).

Lime with high ENP (group III) was associated with a simpler mineral assemblage,
composed basically of calcite and portlandite minerals at more than 66% and 14%, respec-
tively (Figure 2 and Table 2), while lime with high MgO was associated with the presence
of periclase (samples 11).

3.3. Particle Size Profile

The grain-size distribution of the samples ranged between 0.563 to 1124 um. The
limestone with low ENP (70-80%) still had coarse particles (Table 1; Figure 3). The most
notable peak was at 200-300 pum, followed by the particles around 20 um (Figure 3).



Minerals 2022, 12, 1522

8 of 13

Volume, %

Volume, %

Low Mg level High Mg level
6 Sample 1: ENP 70-80%, High Mg
5
—— H.O1 mun)
—— H,0 4+ HCl (1min)
* 4 +— H,0+ HCI (5min)
#
2 3
>
)
|
0
Sample 8: ENP: 50-99%, Low Mg 6 Sumple 5: ENP: 80-99%. High Mg
5 =t H,0(1 min)
- WO i
Ao L0+ HCL (1 oun)
O« lnsn) . 4 wee H,0 ¢ HCL(Soin)
v H,0 + HCI (Smin) v
5 3
>
24
1
IT 0
Sample 14: ENP 599%, Low Mg L Sample 11: ENP >99%, High Mg
e HLO ) i) e HLO () )
w— L0+ HCI(1m6n) A v H O+ HCY (L miinn)
v H0 & HCL(Smin) = w H,0 +HCl (Smin)
g 3
>
1
1 10 100 1000 10000 0 153
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Figure 3. Diffraction laser granulometric profiles from representative lime/corrective samples were
separated into three groups of efficiency neutralizing power (ENP) and two Mg levels (low and
high).

Limestone samples with intermediate ENP (80-99%) presented a wideband com-
posed of three peaks from 1-1000 um, with larger particle volume at bigger particle size
(200 to 300 um), with an increase in particle size between 10 and 50 pum in all particles
smaller than 100 um, and with a huge volume of extremely fine particles (1 and 10 pm) in
those with ENP > 99%.

Limestone samples with higher ENP values (>99%), regardless of the MgO content,
had higher proportions of finer particles, concentrated at 1 and 20 pm peak positions (Fig-
ure 3). Peaks bigger than 100 um are absent.

Concerning MgO content, limestones were very similar between low and high Mg
content. However, the particle size distribution from the Mg-rich limestone at high ENP
presented the largest volume of extremely fine particles (<10 pm).

Overall, the granulometric profile (GP) was slightly sensitive to the acid treatment in
all the lime samples, except for sample 11 (high ENP and high MgO). For this sample,
there was an enrichment of the proportion of particles at 2 um diameters, in detriment to
those at 100 um. The sample in group III and the subgroup with low Mg were not sensitive
to the acid solution exposure.

In general, lime acid exposure diminished the volume proportion of larger particles
from lime, and there was no small-particle production, indicating that a dissolution pro-
cess occurred.

As expected, there are strong associations between calcite and CaO content and do-
lomite with MgO content. This is indicated by the length of the vectors and their directions
(Figure 4). However, the presence of calcite is the opposite of the dolomite presence, i.e.,
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the vectors were in opposite directions. In this sense, three principal groups of limestone
may be observed as chemical and mineralogical assemblage: (i) limestone with high calcite
and CaO content, (ii) limestone with high dolomite and MgO content, and (iii) limestone
presenting other minerals in its composition—such as periclase, portlandite, and anker-
ite—which had a strong association with RE and ENP (Figure 4). Ankerite occurrence can
be associated with large particles in the lime GP because this mineral had Fe in its com-
position. Lime that presented sillimanite and quartz was associated with large particle
size and low acid-neutralizing capacity.

3.2 4 11
24
MgO *2
Portlandite
Dolomite Periclase
ENP
) s S $4 0.8
= D10
& < 0.3 mm
" 2
o~ ! J 7 0 T T
&) -3 2 1 2 3 4
= e 0.3-0.84 mm
%s 13
1.6.9
Calcite CaO
2.4 4
32 .14
%5
PC1=478

Figure 4. Principal component analyses considering liming product samples (number), mineralogy,
and physical and chemical analyses of liming product samples. Data set used for (1 = 15 samples).
The principal components (i.e., axes PC1 and PC2) explain the magnitudes in the percentage of data
variability. D10 is the % of particle size smaller than 10%. <0.30 and 0.3-0.84 mm corresponding to
the size fractions. RE is the reactivity efficiency and ENP is efficiency neutralizing power.

4. Discussion

Overall, lime quality (ENP) is directly associated with the milling process, and it can
be analyzed with a routine method in which liming product samples are classified based
on their acidity-neutralizing capacity. In this study, we focused on the most reactive par-
ticle fractions from limestone; thus, it was possible to observe that the chemical and min-
eralogical components of lime are associated. In addition, a large proportion of fine parti-
cles present in our samples have a granulometry profile, containing microparticle size, but
not nanoparticles, which characterizes high reactivity in the environment. Below, we dis-
cuss in detail these aspects:

Limestone has been used since the early days of agriculture because of the presence
of carbonate anion [10,14]. This anion, in an aqueous medium, easily breaks up water mol-
ecules, generating two new anions (HCOs~ and OH") capable of instantly reacting with
protons. These anions are essential to adapting acidic soil to crops sensitive to the toxicity
caused by Al** present in soil with pH <5.5. In addition to carbonate, some limestone used
in agriculture also have low amounts of oxides and hydroxides, which increase the neu-
tralizing power of the acidity [4].
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Naturally, the carbonates are counterbalanced by the calcium and magnesium cati-
ons [17]. They are nutrients to all living things, including and especially to plants, which
transfer them up the food chain. Rarely, there can be impregnation of Ca and Mg car-
bonates with trace metal elements—especially Cd, Mn, and Fe—or even the occurrence of
pure carbonates of these elements, as is the case with Otavite.

The world’s reserves of Ca and Mg carbonates are either of sedimentary or metamor-
phic origin. Both are not pure rocks; nor do the rocks consist solely of carbonate ores.
Thus, limestone for agricultural use will always have “contaminating” minerals to some
degree. The limestone from the Brazilian cretaceous can be seen in detail in Gomes et al.
(17]

Therefore, the use of large amounts of limestone (up to 30 Mg ha), as is the case in
soil occurring in tropical and subtropical regions, introduces chemical elements to the soil,
whether they are essential or ecotoxic. Three examples can be explained based on our
mineralogical analyses. First, the presence of aluminosilicate minerals that follow the
weathering process (hydrolysis) may release Al** to the soil, becoming a potential toxic
element source. Second, the limestone containing K (such as sample 11 with 3% K20) can
represent an application in the soil of 30 kg of K2O ha™! t!. However, K-bearing minerals,
such as tectosilicate (feldspar), present low dissolution rates, and by consequence, low K
bioavailability. And third, although it has lower solubility (1.0 x 102 mol L™') compared
to the traditional carbonates found in limestone (3.31 x 10 and 9.33 x 10-° mol L-! for
calcite and magnesite), the high amount of CdCOs (5.8% Otavite) present in sample 4 can
release Cd?" to the soil solution and, therefore, make it bioavailable and toxic to plants.

However, low-ENP limestone presented a more complex mineral assemblage and a
varied chemical composition. Lime with high ENP present a mineralogical composition
based mainly on calcite and dolomite (i.e., predominately composed of Ca and Mg, re-
spectively). The limestone quality is associated with its mineralogical assemblage, chemi-
cal composition, and granulometric profile. Thus, the ideal lime products are those com-
posed of small mineral particles or nanoparticles (<10 um) that are predominantly com-
posed of calcite, dolomite, periclase, and low contents of accessory minerals in the assem-
blage. The small limestone particles are able to (i) migrate easily in the macropores, mainly
in NT system [6], and (ii) neutralize H* in soil depth [1,3,13].

Nevertheless, the Mg content seems to affect the GP of the peak positions. As laser
diffraction provides a detailed GP ranging from nanometric to micrometric scale, and it is
sensitive to pre-treatments, material reactivity can be estimated [5,15,21-23]. In this sense,
limestone containing dolomite and calcite does not have the same GP. In addition, higher-
ENP lime contains finer particles than low-ENP lime. Moreover, the presence of a larger
volume of particles smaller than 10 pm is extremely important for rapid reactivity through
the proton diffusion mechanism from the solution to the surface of the particles [24], en-
suring total neutralization of the surrounding Al** because the dissolution rate is linear up
to pH 5.0-5.5.

The dissolution of larger particles is hampered by the fact that the volume of the Dif-
fusion Boundary Layer—DBL accessible to the proton is smaller. The center of the lime-
stone particle is not accessible to the proton that diffuses from the soil solution, and con-
sequently, the DBL is then low in proton activity and saturated with Ca and Mg, and the
particle can even remain in the soil unchanged for a long time. The dissolution process is
therefore kinetically dependent, sensitive to the pH values, pCOz, Ca, and Mg activity of
the solution [24-27]. Furthermore, in the kinetic mechanism (pH > 5.5 or coarser particles),
in addition to Ca and Mg, the presence of phosphate ions, sulfate, silicates, and organic
acids in the surrounding soil solution are inhibitors of dissolution, especially of dolomite
or calcites altered by the presence of low Mg concentrations [26,28].

The dissolution rate of pure Mg carbonates (magnesite) is also linear up to pH 5 due
to the proton adsorption mechanism on the particle surface. However, there is a require-
ment for protonation of four Mg-COs~ functional groups compared to only two of calcite
(Ca-COs). Additionally, the greater dependence of proton activity in solution on
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dissolving magnesite is due to the shorter distance of the Mg-O bond (2.10 A) compared
t0 2.36 A of that of Ca-O [27].

Which lime is desirable for liming acid soils? At the beginning of conservationist sys-
tems (no-tillage, in particular) and of perennial/semi-perennial crops (tree and forage
crops) from natural biomes or cultivated areas with intense soil disturbance, limestone
should be homogenized with the maximum soil volume possible or required by the crops
[1,11]; generally, this is in the 0-20 cm layer for annual crops and 0—40 cm layer for tree
crops. The natural potential acidity in the soil profile can only be adequately corrected by
the incorporation of lime. In this regard, all limestone particles are expected to be bathed
by the acidic soil solution and, therefore, the particles are quickly dissolved and every soil
mass reaches a predetermined pH value of pH 5.5 to 6.5, depending on the plant group
involved [29]. The types of limestone, and even their grain size if it is less than 300 um,
are of little relevance.

However, controlling soil reacidification, which takes place from the surface, can and
should be done by simply depositing lime on the soil surface [12]. This practice can be
performed to prevent the resurgence of toxic Al* and/or to re-elevate the soil pH to the
appropriate/desired level. Although the reactions in the dissolution of limestone particles
and the consequent neutralization of active acidity, exchangeable Al**, and potential acid-
ity, will be concentrated in the uppermost soil layer (up to 5 cm), it is fundamental that
extremely fine particles move down the soil profile, counterbalancing the acidifying
power of the root system. Limestone containing large proportions of particles smaller than
10 pum or with total particles smaller than 25 pum, such as those in samples 11 and 14 (high
and low MgO content, respectively), should be preferred for this purpose. In this sense,
particle migration can occur preferentially for a certain particle size through the soil pro-
file [5].

This is important in a no-till system where lime is applied on the topsoil when the
moisture condition for the dissolution process [30] indicates that the finest size (<0.25 mm)
will result in high Ca and Mg content in dry matter and, consequently, the largest crop
yield. This interpretation is according to the dynamic dissolution of rock powder when
applied on the topsoil, where the granulometric profile is a preponderant factor [31,32].

Liming products must have a large number of neutralizing agents in its composition.
This can be found when lime produces a good milling process and a high reactive capacity
(RE). These characteristics are assured by the mining and industry process and laws. Thus,
chemically, all lime can be adequately used by varying its dose to compensate for reactive
and granulometric characteristics [4].

In addition, limestone containing dolomite should not be used as a criterium for the
capability of lime to neutralize H* in acid soils. However, after lime availability for buying,
soil Ca and Mg requirements may be used as discriminatory criteria for choosing the lime
type (dolomitic or calcitic).

Finally, liming products containing a wide range of minerals in its composition pre-
sents less EPN compared to products predominantly composed of calcic and dolomite
minerals. This suggests a smaller variety of high-quality limestone to correct acidity in
agricultural soils. However, a multi-elementary liming products containing Ca, Mg, and
K can be interesting for wide liming purposes, despite their lower neutralizing power and
reactivity. As lime is applied over the topsoil in no-till systems, limestone powder with
low size-particle distribution and high reactivity is desirable [33]. These characteristics
were found predominantly in calcitic/dolomitic limestone powders. The implications of
our findings indicate that the industrial milling process should be revisited, because reac-
tivity depends on the granulometric profile as well. Future studies may be carried out on
the reactivity rate under different soil conditions, such as water soil contents, in order to
estimate the mineral dissolution rate [34].
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5. Conclusions

The present study provides support for an appropriate selection of limestone mate-
rials for liming purposes. We investigated in detail 52 liming products samples with re-
gard to their chemical and mineral composition and associated grain-size distribution to
understand limestone reactivity for liming purposes. Our results showed that low-ENP
limestone is composed of a wide range of mineral compositions and granulometric pro-
files. However, high-ENP limestone has the finest range of size particles without Mg,
while in limestone containing Mg, the granulometric profile is wider. Liming products
containing dolomite are sensitive to HCl treatment, suggesting high reactivity and easy
mineral dissolution as compared to other liming products.

Finally, liming products may be discriminated based on their chemical contents
(Mg:Ca proportion), mineral composition, and granulometric profile. The combination of
these liming product characteristics results in a theoretical reactivity (ENP) in the envi-
ronment. Thus, our work contributes to a better understanding of limestone quality and
serves to improve liming practices in acidic soils, mainly in undisturbed systems, such as
no-till.
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