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Abstract

Silicate rock Verdete, collected in the central region of Minas Gerais state (Bra-
zil) and composed mostly of micas (glauconite and muscovite) and tectosilicates (K-
feldspar and quartz), was hydrothermally treated with several reactants in order to re-
lease and recover potassium. The hydrothermal products were characterized by flame 
photometry, XRD, XRF, SEM and EDS. Treatment with sulfuric acid was effective to 
break the crystal lattice of micas before 1 h of reaction and recovered 24% of potas-
sium in the form of sulfates. The K-feldspar appears to have remained intact during the 
process. Treatment with a Ca(OH)2 (86 wt.%) - CaCO3 (14 wt.%) mixture did not con-
sume the micas, but K-feldspar was gradually consumed over the 24 h reaction period.  
The K recovery was probably due to a concurrent hydrolytic framework dissolution of 
K-feldspar mediated by OH− ions and by the exchange of K+ with Ca2+. The K-bearing 
species are carbonaceous materials with variable K+/Ca2+ ratios, such as K2Ca(CO3)2.

Keywords: hydrothermal treatment; potassium recovery; muscovite; glauconite; 
K-feldspar.
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1. Introduction

The main sources of potassium for 
use as fertilizer are underground deposits 
of soluble minerals (denominated potash), 
such as silvinite and carnalite; and pickles, 
such as those situated in inland seas and 
salt flats. According to statistics compiled 
by the U.S. Geological Survey (2018), po-
tassium salt reserves occur predominantly 
in the northern hemisphere, in countries 
such as Canada, Russia and Belarus, which 
together hold the vast majority of world`s 
potash. Brazil is in a delicate situation, 
because although it is one of the countries 
that most demands potassium in the world, 
its domestic production, in the exclusive 
form of KCl, produced only in the Taquari-
Vassouras complex (Sergipe state), repre-
sents less than 10% of apparent domestic 
consumption (Teixeira et al., 2012).

Silicate rocks composed of feldspars, 
muscovite, glauconite, phlogopite, biotite, 
feldspathoids, zeolites and other minerals 
are alternatives to potassium salts (Martins 
et al., 2008). Brazilian silicate rock Verdete 
is an example. Verdete is a denomination 
given to sedimentary rocks associated with 
the Serra da Saudade formation (Minas 
Gerais state), a deposition whose origin 
may be related to a rapid generalized marine 

transgression, in which sediments rich in 
clay minerals would have been precursors 
for diagenetic substitution with K+ from sea 
water, in the Neoproterozoic Era (Moreira 
et al., 2016). The rock consists essentially 
of a mixture of micas (mostly glauconite 
and muscovite) and tectosilicates (quartz 
and K-feldspar), with K2O equivalent con-
tent between 7 and 14% (Piza et al., 2011; 
Moreira et al., 2016; Santos et al., 2016).

Publications dealing with the acidic 
dissolution of silicate rocks date back to 
the early 20th century (Cushman and Hub-
bard, 1908). Varadachari (1992) showed 
that potassium can be recovered from bio-
tite through concentrated acidic solutions. 
The behavior of biotite in acidic solutions 
is different from the behavior of muscovite, 
which is very difficult to solubilize except 
by reaction with phosphoric acid. Although 
biotite could also be solubilized via reac-
tion with phosphoric acid, the immediate 
solubility of the mineral in hydrochloric 
acid (Varadachari, 1997) and sulfuric acid 
provided more viable alternatives.

Mineral silicates can also be dis-
solved via hydrothermal routes. Ciceri et 
al. (2017) studied the dissolution of syenite, 
obtained in Triunfo batholith, located in 

Pernambuco state (Brazil). The syenite rock, 
composed mainly of K-feldspar, was mixed 
with slaked lime [Ca(OH)2] and placed to 
react at 473 K for 5 h within hydrothermal 
reactors. The authors suggested that the 
mechanism for increasing K content is the 
hydrothermal alteration of K-feldspar, i.e., 
the hydrolytic dissolution of the feldspathic 
structure coupled with exchange of K+ with 
Ca2+. Wang et al. (2018) recovered potas-
sium from K-feldspar using a hydrothermal 
methodology with NaOH and NaNO3 as 
reactants. Similar to Ciceri et al. (2017), 
the potassium recovery mechanism was 
proposed as an ion exchange step between 
Na+ and K+.

Since Verdete is a mixture of micas 
and tectosilicates, the performance of the 
hydrothermal methodology in breaking 
down the crystalline structures of such 
minerals is a challenge, whether through 
the use of sulfuric acid or slaked lime. The 
objective of this research is to demonstrate 
the efficiency of the hydrothermal meth-
odology in breaking down the crystalline 
structures of Verdete minerals (mainly mi-
cas, K-feldspar and quartz) in the presence 
of sulfuric acid or slaked lime, in order to 
release and recover potassium.
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2. Materials and methods

2.1 Sample preparation

2.2 Hydrothermal treatments

2.3 Characterization

Samples of Verdete were col-
lected randomly from rock outcrops 
in three different sites of the central 
region of Minas Gerais state (Brazil), 
inside the municipalities of Cedro do 

Abaeté and Quartel Geral, at the fol-
lowing UTM coordinates (zone 23 K 
south): Sample 1 - 7865844/422460; 
Sample 2 - 7869386/419306; Sample 
3 - 7884678/426568. Samples were 

comminuted twice in a hammer mill 
and classified (with Tyler sieves) into 
five discrete size ranges: +35# (500 µm), 
+60# (250 µm), +100# (149 µm), +200# 
(74 µm) and -200# (74 µm).

Table 1 - Feed composition of each series of reactions.

(a) The water to Verdete ratio (RW/V) is defined as the mass of water divided by the mass of Verdete.
(b) The reactant to Verdete ratio (RR/V) is the mass of reactant divided by the mass of Verdete.
 (c) Mass of Verdete divided by the masses of CaCO3 and Ca(OH)2.

Several reactions were conducted 
in a set of stainless-steel autoclaves 
internally coated with Teflon. The au-
toclaves were placed in a furnace at 463 
K, where they remained for a scheduled 
time. Reactions were carried out with 
mixtures of Verdete with CaCl2, MgCl2, 
H2SO4 and calcined CaCO3. Reactions 
with H2SO4 and CaCO3 were performed 
in triplicate, obtaining the mean and 
standard deviation of each point, while 
reactions with other reagents were 
performed only once. The Mg- and Ca-
based salts [MgCl2∙6H2O (Synth, 99%) 
and CaCl2∙2H2O (Synth, 99%)] were 

previously oven dried at 423 K for 48 
h. After drying, the resulting products 
contained 36.1% MgCl2 and 74.83% 
CaCl2, respectively, the remainder be-
ing water. CaCO3 (Cinética Química, 
99%) was previously calcined accord-
ing to the procedure described in the 
Supplemental Material. Accordingly, 
the resulting calcined product was 
composed of 14% CaCO3 and 86% 
Ca(OH)2 (in mass).

The feed composition of each 
series of reactions is shown in Table 
1. The water to Verdete ratio (RW/V) is 
defined as the mass of water divided 

by the mass of Verdete. The reactant 
to Verdete ratio (RR/V) is the mass of 
reactant divided by the mass of Verdete. 
In the case of series 5 and 6, RR/V is 
defined as the mass of Verdete divided 
by the masses of CaCO3 and Ca(OH)2. 
The concentrations of reactants in each 
reaction series are: CCaCl2 = 4.1 mol L-1; 
CMgCl2 = 1.4 mol L-1; CH2SO4 = 5 mol L-1; 
CCa(OH)2 = 2.04 × 10-2 mol L-1. In the 
case of Ca(OH)2, as the solubility in 
water at 298,15 K is low, the value is the 
same for both RR/V ratios. More in-
formation about the feed masses can be 
obtained in the Supplemental Material.

X-ray diffraction (XRD) patterns 
were recorded in a Shimadzu XRD-6000 
diffractometer employing Cu Kα radia-
tion (λ = 1.54056 Å) with Ni filter, 40 kV 
voltage and 30 mA current. The 2θ angle 
was scanned from 5° to 70° at a scanning 
rate of 2° min-1. The diffraction lines were 
compared with XRD standards obtained 
from the Inorganic Crystal Structure 
Database (ICSD).

Scanning electron micrographs 
(SEM) were taken with an EVO® MA 10 

microscope at accelerating voltages of 10 
kV and 20 kV. Samples were placed in 
aluminum sample holders and covered 
by a thin layer of evaporated gold. Energy 
dispersive X-ray analysis (EDS) was per-
formed using an Oxford instrument model 
51-ADD0048.

Mass compositions were determined 
by Wavelength Dispersive X-Ray Fluo-
rescence spectrometry (WDXRF) on a 
Bruker S8 Tiger equipment. Prior to char-
acterization, samples were macerated and 

sieved in a 200-mesh sieve. The passing 
materials (which had a particle diameter 
size smaller than 74 µm) were used to 
produce pressed pellets. These pellets were 
made by mixing 1 g of the sample with 
8 g of PXR 200 wax. Subsequently they 
were homogenized through maceration 
and pressed at 200 KPa.

The K recovery (the mass of ex-
tracted K divided by the mass of K in 
Verdete) was determined by flame pho-
tometry on an Analyzer 910MS equip-

The hydrothermal products, com-
posed of a solid fraction and a liquid 
fraction, were mixed and oven dried at 
343 K for 24 h. The dried products were 
then subjected to flame photometry and 

X-ray diffraction (XRD) analyzes, as 
detailed below. Specifically the hydro-
thermal products obtained after the 
10-hour reaction time of series 4 and 
6 (see Table 1) were vacuum filtered 

in order to separate water-soluble and 
insoluble components. Both fractions 
(filtered and retained) were oven dried at  
343 K for 48 h before being characterized 
by XRD.

Series
Mass (g)

RW/V 
(a) RR/V 

(b)

Verdete H2O CaCl2 MgCl2 H2SO4 Ca(OH)2 CaCO3

1 8.5 17 - - - - - 2.0 -

2 8.5 13.7 13.2 - - - - 1.6 1.6

3 4.7 8.7 - 13.0 - - - 1.8 2.8

4 8.5 10.2 - - 6.8 - - 1.2 0.8

5 8.5 17 - - - 2.61 0.42 2.0 0.4 (c)

6 8.5 17 - - - 4.75 0.77 2.0 0.7 (c)
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ment. The extraction procedure was 
adapted from the methodology described 
by the Brazilian Ministry of Agriculture, 
Livestock and Supply (Brasil, 2014). In 
the adapted methodology, 0.5 g of sam-

ple is inserted into an Erlenmeyer flask 
with 100 mL of citric acid solution (20 
g L-1), then the mixture is stirred for 30 
min and filtered with medium porosity 
filter paper. The filtrate is then diluted 5 

times with distilled water and analyzed. 
The concentration of potassium (CK, in 
ppm) obtained by flame photometry is 
converted into K recovery (RK) with the 
following equation:

 RK (%) =  100 x

Ck

1000000
x 100 x 5

0.5 x 1
1 + RR/V

x 9.31
100

(1)

In Eq. (1), numbers 100, 5 and 0.5 
refer respectively to the volume of citric 
acid solution, to the dilution factor and 

to the sample mass. The mass fraction 
of element K in Verdete is 9.31, which 
will be demonstrated later in the Results 

and Discussion – Characterization of 
Verdete section.

Table 2 - Mass fraction of elements (expressed as 
equivalent oxides)in five discrete size ranges of the three samples of Verdete.

Sample Size range
Mass fraction (%)

SiO2 Al2O3 K2O Fe2O3 MgO

1

+35# 58.48 15.87 11.40 7.87 3.13

+60# 59.32 16.51 11.45 8.00 3.15

+100# 61.66 16.43 11.85 7.88 3.38

+200# 59.89 16.32 11.46 7.66 3.18

2

-200# 60.29 16.04 11.28 7.36 3.10

+35# 59.69 15.85 10.23 7.22 2.83

+60# 62.80 16.22 10.60 7.55 3.04

+100# 63.19 16.40 10.47 7.55 2.90

+200# 62.34 15.90 10.46 7.39 2.95

-200# 62.79 16.02 10.41 6.96 2.98

3

+35# 61.46 15.85 11.50 7.52 3.07

+60# 61.91 15.80 11.41 7.60 3.11

+100# 61.54 15.74 11.34 7.34 3.01

+200# 61.18 15.70 11.41 7.49 3.06

-200# 61.32 14.62 11.16 7.12 3.01

Table 2 shows the mass fraction of 
elements (expressed as equivalent oxides) in 
five discrete size ranges of the three samples 
of Verdete. For better visualization, only 
those elements with mass fraction greater 
than 1% are displayed. The ore is com-

posed mainly of SiO2, Al2O3, K2O, and 
other elements, such as Fe2O3 and MgO. 
These elements account for more than 95% 
of the sample masses. Comparatively, the 
K2O contents are higher in samples col-
lected from sites 1 and 3. The K2O contents 

of particles passing the 200-mesh sieve are 
11.28% (Sample 1) and 11.16% (Sample 3). 
Equal masses of these samples were then 
blended to generate a Verdete sample with 
11.2 wt.% K2O (or 9.31 wt.% K), which 
will be used in the next steps of this study.

Fig. 1 shows the XRD pattern 
of the blended Verdete sample (+200-
mesh sieve). Accordingly, the Verdete 
ore is composed of K-feldspar, micas 
(muscovite and glauconite) and quartz. 
The XRD pattern used to represent the 
K-feldspar group belongs to orthoclase 
(ICSD 10270). For a more in-depth dis-

cussion on possible types of K-feldspars 
that may be present in Verdete, please 
refer to the Supplemental Material. 
Orthoclase (KAlSiO3) is a tectosilicate 
from K-feldspar group which has a 
continuous and negatively charged 
three-dimensional structure organized 
in SiO4 and AlO4 tetrahedra linked 

through their vertices (Lira and Neves, 
2013). In Fig. 2, seven diffraction lines 
characteristic of K-feldspar (orthoclase) 
were identified (13.5°, 15.0°, 25.3°, 
27.5°, 34.5°, 41.8° and 50.8°), which 
refer to the diffraction planes (0 2 0),  
(1 1 1), (1 1 2), (0 0 2), (3 1 2), (0 6 0) 
and (2 0 4), respectively.

3. Results and discussion

3.1 Characterization of Verdete
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Figure 1 - XRD patterns of Verdete and references: 
orthoclase (ICSD 10270), muscovite (ICSD 74608) and quartz (ICSD 174).

Figure 2 - Potassium recovery in series of reactions as a function of time.

Muscovite is a phyllosilicate from 
the group of micas. Its atoms are in the 
maximum possible order required for 
space group C2/c, which generates a mi-
croscopic structure of very thin sheets, 
which grants softness and rupture in 
regular forms delimited by cleavage 
planes (perfect cleavage) (Radoslovich, 
1960), as is observed in Verdete. The 
high-intensity diffraction lines identi-
fied at 8.5°, 17.8°, 20.0°, 29.8°, 35.0°, 

37.0°, 42.2°, 45.5° and 61,7° correspond 
respectively to diffraction planes (0 0 2), 
(0 0 4), (1 1 0), (0 2 5 ), (2 0 2), (1 3 3), 
(1 3 3), (0 1 0) and (3 5 1) of muscovite 
(ICSD 74608). Diffraction lines at 21.8°, 
24.8° and 29.0° of glauconite (ICSD 
166961, not shown) do not have intense 
manifestation in the XRD pattern of 
Verdete. On the other hand, the com-
patibility of diffraction lines in several 
other angles, paired with similar macro-

scopic characteristics, such as greenish 
color and softness (due to its laminar 
structural organization), indicates that 
glauconite is also a mineral of Verdete.

The presence of quartz (ICSD 174) in 
trigonal crystalline structure (SiO2) should 
also be considered, due to the high amount 
of Si detected by XRF (Table 1) and to the 
high intensities of diffraction lines at 20.7° 
and 26.5° relative to diffraction planes  
(1 1 0) and (1 1 1) of the mineral.

Fig. 2 shows the K recovery in 
series of reactions as a function of 
time. For detailed information on feed-
ing conditions, please refer to Table 
1. The low K recovery after reaction 

with water, CaCl2 and MgCl2 (Fig. 
2a) indicates that these procedures 
were not effective in disrupting the 
crystalline structures of the minerals 
of Verdete. XRD patterns of the hydro-

thermal products obtained after each 
of these reactions can be found in the 
Supplemental Material. Reactions with 
H2SO4 and Ca(OH)2 are discussed in 
detail below.

3.2 Hydrothermal treatments

(a) (b)
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Fig. 2a indicates that most of the re-
action of Verdete with sulfuric acid occurs 
during the first hour. The K recovery in 
H2SO4 peaks at approximately 24% after 
2 h of reaction time. The peak is then fol-
lowed by a smooth decrease in K recovery 
until 5 h of reaction time, indicating that 
the reaction shifts to the formation of re-
actants between 2 and 5 h. After 10 h, K 

recovery increases again with time.
Fig. 3 displays the XRD patterns 

of hydrothermal products of the reac-
tion with sulfuric acid as a function of 
time. These XRD patterns indicate that 
the micas (muscovite and glauconite, 
indicated by the letter µ), are no longer 
present after 1 h of reaction time, given 
that their respective diffraction lines are 

no longer observable in the diffractogram. 
The XRD patterns also indicate a prob-
able crystallization of two distinct types 
of products. The first one likely being a 
combination of steklite [KAl(SO4)2] and 
yavapaiite [KFe(SO4)2], whose diffraction 
lines are indicated by Greek letter α. The 
second one, indicated by β, likely refers to 
an aluminum sulfate hydrate (or alum).

In order to improve the identification 
of the formed or consumed structures, 
the hydrothermal product obtained after 
10 h was filtered, and both fractions 

(filtered and retained) were characterized 
by XRD and EDS. The respective XRD 
patterns are shown in Figs. 4a (retained 
fraction) and 4b (filtered fraction). SEM 

micrographs are shown in Figs. 5a (re-
tained fraction) and 5b (filtered fraction), 
and EDS results are presented in Table S2 
(Supplementary Material).

On the one hand, according to Fig. 
4a, the retained fraction of the hydrother-
mal product obtained after 10 h reaction 
seems to consist of yavapaiite, K-feldspar 
and SiO2. The latter being reminiscent 
of the initial composition of Verdete (see 

Fig. 1). Its triclinic structure is evidenced 
by diffraction lines at 21°, 26°, 36.5° 
and 50.5°, resulting from diffraction in 
planes ( 1 1 0), (1 1 1), (1 2 0) and (2 1 2), 
respectively. Diffraction lines identified by 
λ points to the presence of K-feldspar. This 

mineral is also reminiscent of the initial 
composition of Verdete, indicating that the 
reaction with sulfuric acid was not effec-
tive in disrupting its crystalline lattice as 
it did with micas, whose diffraction lines 
were not detected by XRD. Moreover, the 

3.3 Treatment of Verdete with H2SO4

Figure 3 - XRD patterns of hydrothermal products of Verdete with H2SO4. Greek letters likely refer 
to diffraction lines of (α) steklite [KAl(SO4)2] and yavapaiite [KFe(SO4)2], (β) aluminum sulphate hydrate and (µ) micas.

Figure 4 - XRD patterns of (a) retained and (b) filtered fractions of hydrothermal products 
of Verdete with H2SO4. Greek letters refer to diffraction lines of (α) yavapaiite [KFe(SO4)2] and (λ) K-feldspar.

(a) (b)
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absence of Mg in the retained fraction, 
shown by EDS (Table S2 of Supplementary 

Material), confirms the complete destruc-
tion of the crystal structure of glauconite, 

the only mineral of Verdete bearing  
the element.

Figure 5 - SEM micrographs of (a) retained and (b) filtered fractions of the product obtained 
after 10 h reaction of Verdete with H2SO4. Refer to Table S2 (Supplementary Material) for the respective EDS results.

Once ionic exchange of H+ with 
Fe3+, K+, Al3+ and Mg2+ occurred on the 
surface of muscovite and glauconite, 
the reaction mixture was composed of 
these ions coupled with SO4

2- anions, 
generated from the dissociation of the 
sulfuric acid. Subsequently to filtra-

tion, the composition of hydrothermal 
products must obey crystallization 
equilibrium rules, which will not be 
discussed here. In Fig. 2, the existence 
of the point of maximum K recovery 
may be due to the decomposition of the 
crystalline structure of micas, which 

released K+, Fe3+, Al3+ and Mg2+ into 
the reaction medium. It is worth not-
ing that, in crystallized Fe-based com-
pounds (KFe(SO4)2 and Fe2(SO4)3), iron 
was under the Fe3+ form (ferric ion), 
which derived from the decomposition 
of glauconite.

Unlike the reactions performed 
with sulfuric acid, which reached maxi-
mum K recovery (approximately 24%) 
after 2 h, reactions with calcined CaCO3 
presented a gradual increase of K recov-
ery over the 24 h reaction period (see Fig. 
2). It is also noted that increasing the RR/V 
ratio from 0.4 to 0.7 leads to increased 
K recovery.

XRD patterns of the hydrothermal 

products obtained from the reaction of 
Verdete with calcined CaCO3 (RR/V = 0.6) 
are shown in Fig. 6. The diffraction lines 
of micas, represented by Greek letter µ, 
did not lose intensity over time, which 
indicates that muscovite and glauconite 
were not consumed during the treatment. 
Regarding the three diffraction lines 
belonging to CaCO3 (identified by γ), it 
was noted that, between 5 h and 10 h, 

the K recovery increased from 19.7% to 
26.8%. However, those lines did not lose 
intensity, suggesting that there was little 
to no consumption of CaCO3 through-
out the treatment. The diffraction lines 
identified by λ, related to K-feldspar, 
and π, related to Ca(OH)2, lost intensity 
significantly over the reaction period, 
which suggests that both substances were 
consumed during the process.

3.4 Treatment of Verdete with CaCO3 and Ca(OH)2

Micas + H+ → Fe3+ + K+ + Al3+ + Mg2+ + SiO2 + H2O

(a) (b)

(2)

Figure 6 - XRD patterns of hydrothermal products of Verdete with calcined CaCO3.
Greek letters refer to diffraction lines of (γ) CaCO3, (µ) micas, (π) Ca(OH)2 and (λ) K-feldspar.
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For better identification of formed 
and consumed phases, the hydrother-
mal products obtained after 10 h were 
filtered and both fractions (filtered and 
retained) were characterized by XRD 
and EDS. The respective XRD patterns 
are shown in Figs. 7a (retained fraction) 
and 7b (filtered fraction). SEM micro-
graphs are shown in Figs. 8a (retained 
fraction) and 8B (filtered fraction), and 
EDS results are presented in Table S3 
(Supplementary Material).

Fig. 7a shows that the retained frac-
tion is composed of CaCO3, Ca(OH)2 and 

all the minerals from Verdete (micas, K-
feldspar and SiO2). EDS results confirm 
the presence of O, Ca, Si, C, K, Al, Fe and 
Mg (Table S3 of Supplementary Material). 
Similar to the XRD patterns previously 
presented in Fig. 6, the diffraction lines 
of micas (represented by µ) did not lose 
intensity, indicating that the muscovite 
and glauconite were not consumed dur-
ing the process. Nonetheless, the XRD 
pattern of the filtered fraction (Fig. 7b) 
presents diffraction lines characteristic of 
CaCO3 (represented by γ) and K2Ca(CO3)2 
(represented by ε). Popularly known as 

bütschliite, the latter compound is rec-
ognized by diffraction lines at 31°, 33.5°, 
39.8° and 44°, relative to planes (1 1 5),  
(1 1 0), (2 2 2) and (2 0 4), respectively. It is 
important to note that the filtered fraction 
shows no evidence of Ca(OH)2, or any 
other alkali. EDS results (Table S3 from 
Supplementary Material) also corroborate 
with the XRD pattern from Fig. 7a, since 
the elements detected in the five points 
(O, Ca, C and K) are those necessary for 
CaCO3 and K2Ca(CO3)2 formation. Spe-
cifically in points 2 and 3, the presence of 
elongated crystals is notable.

The aforementioned micas did 
not appear to evidence its decompo-
sition over the treatment with cal-
cined CaCO3 (14% CaCO3 and 86% 
Ca(OH)2 in mass). In addition to the 
non-disappearance of the diffrac-
tion lines related to micas (see Figs. 
6 and 7a), the EDS results (Table S3 
of Supplementary Material) indicated 
that iron, which could only be found 
in glauconite, was not present as a 

decomposition product in the filtered 
fraction. Consequently, the K recovery 
curve shown in Fig. 2 derived from the 
decomposition of K-feldspar over time. 
Unlike the treatment with sulfuric acid, 
in which the micas were decomposed 
releasing K+, Fe3+, Al3+ and Mg2+, the 
decomposition process of K-feldspar 
was gradual with time. It was not pos-
sible to observe structural changes of 
K-feldspar through XRD analysis, but 

it is likely that the mechanism of K+ 
release was due to a concurrent hydro-
lytic dissolution framework mediated 
by OH− ions and by the exchange of 
K+ for Ca2+, as proposed by Ciceri et 
al. (2017). As shown in Fig. 7b, despite 
the complexity of the hydrothermal 
product, it is likely that the K-bearing 
species are carbonaceous materials 
with variable K+/Ca2+ ratios, such as 
K2Ca(CO3)2.

Figure 7 - XRD patterns of (a) retained and (b) filtered fractions of products of Verdete with 
calcined CaCO3. Greek letters refer to diffraction lines of (γ) CaCO3, (µ) micas, (π) Ca(OH)2 and (ε) bütschliite [K2Ca(CO3)2].

Figure 8 - SEM micrographs of (a) retained and (b) filtered fractions of the product obtained after 10 h 
reaction of Verdete with calcined CaCO3. Refer to Table S3 (Supplementary Material) for the respective EDS results.

(a) (b)

(a) (b)
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4. Conclusions
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Supplementary material

Calcination of CaCO3
Calcination of calcium carbonate (CaCO3) 

is widely applied to obtain calcium oxide (CaO), 

commonly known as quicklime, which also  

releases carbon dioxide (Reaction S1).

Table S1 - Results of the CaCO3 calcination procedure.

Quicklime is a white powder with sev-

eral applications, mainly in the construction 

industry, where it is used to prepare mortar. Its 

large-scale production is usually carried out in 

rotary kilns at 1173 K, obtaining conversion of 

about 90%. In laboratory scale, it is possible to 

achieve similar conversion in muffle furnace at 

1173 K and 30 min [1]. Based on this information, 

calcium carbonate (Cinética Química, 99%) was 

distributed in seven porcelain crucibles (with the 

purpose of increasing surface area) and calcined 

in muffle furnace at 1173 K for 30 min under 

flow of atmospheric air. Initial masses of CaCO3 

and final masses of calcined products are shown 

in Table S1.

After calcination, the seven products were 

mixed and the blend was characterized by XRD 

(Fig. S1). The XRD pattern of this blend is composed 

of CaCO3 and Ca(OH)2 diffraction lines. This in-

dicates that, in addition to the residual presence of 

unreacted CaCO3, formation of Ca(OH)2 occurred 

from hydration of CaO (Reaction S2) with air hu-

midity inside the muffle furnace during calcination.

In view of these results, composition of the calcination product can be estimated as follows:

Crucible number Mass of CaCO3 before calcination (g) Mass after calcination (g)

1 7.19 5.49

2 7.19 5.48

3 7.18 5.51

4 7.22 5.54

5 7.12 5.44

6 7.21 5.61

Sum 43.11 33.07

CaCO3(S)→CaO(S)+CO2(G)

CaO(S) + H2O(V) → Ca(OH)2(S)

(Reaction S1)

(Reaction S2)

M
F
 = M

CaCO
 + M

Ca(OH)
  = 100 x (N

CaCO , 0 -  S1
) + 74  

S2
3 32

ξ ξ 

Fig. S1 - XRD pattern of the blend of CaCO3 calcination products. XRD patterns of Ca(OH)2 and CaCO3 

were obtained in the Inorganic Crystal Structure Database (ICSD) [collection codes 202228 and 190275, respectively].

Since XRD lines of CaO were not observed in Fig. S1, it will be assumed that the whole product was consumed by reaction S2, i.e., ξ S2 = ξ S1 . Thus,

In the previous deduction, variables are de-

fined as: M
F
 = total mass after calcination,

M
CaCO

 = total mass of unreacted CaCO3,

M
Ca(OH)

 = total mass of Ca(OH)2 formed after 

calcination,

N
CaCO  ,0 = total number of mols of CaCO3 

before calcination,

ξ S1  = extent of Reaction S1,

ξ S2  = extent of Reaction S2.

= (100N
CaCO , 0 - MF

)/26  
3

ξ S1

M
F
 = M

CaCO
 + M

Ca(OH)
  = 100 x (N

CaCO , 0 -  S1
) + 74  

S1
3 32

ξ ξ 

3 3

2
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Since M
F
 = 33.07 g and N

CaCO  ,0 = 0.4311 mol, then ξ S1 = 0.3861 mol, M
CaCO

  = 4.49 g and M
Ca(OH)

  = 28.57 g. Thus, the blend of CaCO3 calcination 

products is composed of 14% CaCO3 and 86% Ca(OH)2 (in mass).

Estimating reactor feed conditions

Possible types of K-feldspar in Verdete

Reaction of Verdete with water

Reaction of Verdete with CaCl2

For calculation purposes, we have consid-

ered the Verdete to be pure K2O. Although the 

K2O content in the ore is much lower (~11%), the 

above consideration was used to consider possible 

consumption of reactants in parallel reactions. 

Thus, we have proposed the following model 

reactions to estimate the reactant masses:

In this work, the XRD pattern used to rep-

resent the K-feldspar group belongs to orthoclase. 

However, the K-feldspar group consists of four 

minerals: orthoclase, sanidine, microcline and 

anorthoclase. Fig. S2 shows the XRD patterns 

of Verdete and these structures.

Fig. S3 shows the XRD patterns of products obtained after reaction of Verdete with pure water.

Fig. S4 shows the XRD patterns of products obtained after reaction of Verdete with CaCl2. After 2 and 5 h of reaction, the XRD patterns indicate 

Sanidine is the monoclinic polymorphic mineral of orthoclase. Its stability at high tem-

peratures, due to the typical formation in this condition and subsequent rapid cooling, reflects 

its disordered structure based on Al and Si tetrahedral [2]. The XRD patterns of sanidine 

and orthoclase are very similar and, thus, either of the two minerals may be the K-feldspar of 

Verdete, or even both can coexist.

The diffraction lines of orthoclase and microcline, in turn, present larger differences, the 

most evident ones being identified by symbols α and τ. The diffraction peak identified by α at 

23.5°, which corresponds to orthoclase plane (0 1 2) is not present in microcline; while at 26.5° 

and 29.5°, symbol τ identifies two diffraction peaks of microline that are not present in orthoclase. 

In spite of these differences, the coexistence of both structures in Verdete should be considered, 

mainly due to the strong similarity between the rest of the diffraction lines and the possible 

metamorphism between monoclinic (orthoclase) and triclinic (microcline) symmetry [3].

The XRD pattern of anorthoclase is also very similar to that of orthoclase, except for 

diffraction line at 34.5°, which refers to plane (3 1 2) of orthoclase, indicated by β. The XRD 

pattern of Verdete has a peak at this position, but it may also originate from diffraction of 

muscovite plane (1 3 1) (as shown in Fig. 2). Thus, anorthoclase may be considered a possible 

K-feldspar of Verdete.

The reactant masses were calculated to respect the stoichiometry of such reactions, which generated the values of RW/V and RR/V.

3 3 2

K2O + CaCl2 (25.17% H2O) → 2KCl + CaO

K2O + MgCl2 (63.87% H2O) → 2KCl + MgO

K2O + H2SO4 → K2SO4 + H2O

K2O + Ca(OH)2/CaCO3 → xKOH + yK2CO3 + CaO

Fig. S2 - XRD patterns of Verdete and references of K-feldspar 

minerals: orthoclase (ICSD 10270), sanidine (ICSD 9583), 

microcline (ICSD 35335) and anorthoclase (ICSD 34742).

Fig. S3 - XRD patterns of products obtained after reaction of Verdete with water at various reaction times.
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the presence of Verdete minerals and CaCl2∙xH2O, where x may be 2, 4 and 6. After 10 h, hydration increases, leaving mostly CaCl2∙6H2O.

Fig. S4 - XRD patterns of products obtained after reaction of Verdete with CaCl2 at various reaction times.

Fig. S5 - XRD patterns of products obtained after reaction of Verdete with MgCl2 at various reaction times.

Reaction of Verdete with MgCl2

EDS

Fig. S5 shows the XRD patterns 
of products obtained after reaction 
of Verdete with MgCl2. XRD pat-

terns obtained after 2 and 5 h indicate 
the presence of Verdete minerals and 
MgCl2∙6H2O. The intensity of diffrac-

tion lines characteristic of MgCl2∙6H2O 
decreases significantly after 10 h  
of reaction.

Table S2 - EDS results of retained and filtered fractions of the hydrothermal product obtained 
after 10 h reaction of Verdete with H2SO4. Refer to Fig. 5 to visualize the points at which the X-ray beam was focused.

Fraction Point O (%) Si (%) Al (%) K (%) Fe (%) Mg (%) S (%)

Retained 1 44.8 23.4 1.7 4.1 2.1 - 3.9

2 40.7 23.4 2.9 3.5 0.6 - -

3 33.6 26.8 2.1 4.7 1.5 - -

4 29.8 26.0 2.3 5.0 1.6 - -

5 36.8 22.2 2.9 6.9 3.7 - -

Filtered 1 49.6 - 5.6 1.5 1.0 1.9 18.2

2 40.1 - 3.8 2.7 2.5 0.8 20.7

3 46.9 - 5.9 4.8 1.0 1.6 20.5

4 40.7 - 6.3 1.2 0.7 2.2 13.2

5 46.8 - 6.5 3.0 3.0 1.3 30.9

* The remaining percentage consists of gold and other elements less expressive of Verdete.
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Table S3 - EDS results of retained and filtered fractions of the hydrothermal product obtained 
after 10 h reaction of Verdete with calcined CaCO3. Refer to Fig. 8 to visualize the points at which the X-ray beam was focused.

Fraction Point O (%) Ca (%) Si (%) C (%) Al (%) K (%) Fe (%) Mg (%)

Retained 1 32.7 21.6 9.1 6.3 2.3 3.4 2.0 0.6

2 43.0 24.1 3.8 6.3 1.3 0.9 0.7 0.3

3 34.2 24.5 5.6 6.1 1.1 1.1 0.7 0.3

4 37.6 12.1 9.8 6.7 3.4 3.2 1.7 0.8

5 32.4 29.5 5.7 5.2 1.4 2.1 1.4 0.4

Filtered 1 35.2 29.6 - 10.7 - 3.3 - -

2 34.4 22.7 - 12.9 - 2.5 - -

3 22.1 16.2 - 8.8 - 21.3 - -

4 30.2 24.9 - 8.8 - 1.1 - -

5 18.9 29.8 - 6.1 - 1.8 - -

* The remaining percentage consists of gold and other elements less expressive of Verdete.


