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Abstract: Due to the increasing demand for conventional sources of potassium (K) and their inacces-
sibility by African countries, K-rich igneous rocks are increasingly studied as potential alternative
sources. In this study, six potassic igneous rocks (syenites and trachytes) from the Tamazeght, Jbel
Boho, Ait Saoun, and El Glo’a regions (Morocco) were sampled and characterized. Then they were
hydrothermally treated to enhance their K release for potential use as potassic fertilizers. The raw
materials are mainly formed by microcline (up to 74%), orthoclase (20–68%), albite (36–57%), biotite-
muscovite (15–23%), and titanite, calcite, hematite, and apatite as accessory minerals. These samples
were crushed and milled to reach a particle size <150 µm and mixed with 4 N NaOH solution in an
autoclave. The liquid/solid (L/S) ratio was about 44 mL/50 g. The powders were allowed to react
with the solution at 170 ◦C for 7 h. For all tests, NaOH reacted completely with the powders and
no liquid was observed after the treatment. X-ray diffraction (XRD), thermal gravimetric analysis
(TGA), infrared spectroscopy (IRTF), and scanning electron microscopy (SEM-EDS) were carried
out on treated samples to characterize the mineralogical and structural changes due to the alkali-
hydrothermal treatment. Indeed, the treated samples revealed the presence of sodic neoformed
phases such as thermonatrite, sodalite, analcime, and cancrinite. The treated material was leached for
a week using deionized water and the elements released were measured using inductively coupled
plasma–atomic emission spectroscopy (ICP-AES). The hydrothermal process showed a strong effect
on structure breakdown as well as on the release of K and other nutrients such as P, Fe, Si, Mg,
and Ca. Therefore, the alkali-hydrothermal treatment allowed the release of 50.5 wt% K. Moreover,
the release of Mg, Ca, Fe, P, K, and Si were significantly increased. Mg, Ca, Fe, P, K, and Si release
within raw materials was about (0.5–3.6), (3.5–31.4), (0.01–0.4), (0.01–0.3), (20–55), and (4.6–8) mg/kg,
respectively, whereas treated samples showed a higher release of these elements. Quantitatively, Mg,
Ca, Fe, P, K, and Si releases were about (10–11.8), (60–70), (7–20), (1.2–15), (218–1278), and (1119–2759)
mg/kg, respectively. Consequently, the treated igneous rocks (syenite and trachyte) could be directly
used as potassic fertilizers that would also be a source of other nutrients.

Keywords: potassic igneous rocks; alkali-hydrothermal treatment; K-fertilizer; potassium release

1. Introduction

Soil fertility decline is increasingly problematic for many countries mainly in Africa by
limiting their crop production and endangering their food security [1–3]. This major issue is
caused mostly by constant nutrient depletion without using enough quantities of fertilizers
to replenish soils [3]. Potassium, which is the third essential element for plant growth, tends
to be particularly deficient in African soils [4]. Considering that a potassium deficiency can
severely affect plant growth through its involvement in root development, plant growth,
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and the disease resistance of crops [5,6], applying potassium-rich fertilizers becomes
extremely vital. However, access to conventional fertilizers is difficult and expensive
especially for African countries where small-scale and family agriculture still occupies
a large place [7,8]. Indeed, more than 80% of the world’s production of conventional
potassium (potash) is provided mainly by five countries (Canada, Belarus, Russia, China,
and Germany) [9]. Additionally, conventional fertilizers have a significant environmental
footprint due to the huge amount of waste generated during production and the salinity
issues caused by their intensive leaching [4,8]. Consequently, these constraints warrant
a strong need to explore new sources of potassium as alternatives to potash fertilizer
conventionally sourced from evaporite deposits.

The strong need to find unconventional sources is not new. Some researchers have
paved the way since 1894 by proposing natural rocks as solutions [10]. Recent research
focused on the use of K-bearing silicate rocks such as glauconitic sandstone, mica, sericite,
ultrapotassic syenite, and phonolite [9,11–17]. These K- rich-bearing silicate rocks could
serve as “stone foodstuff” because they are composed of minerals containing potassium
and other macronutrients—beneficial elements required by plants such as calcium (Ca),
magnesium (Mg), silicon (Si), and iron (Fe). However, silicate minerals such as K-feldspar
(KAlSi3O8) are characterized by a low dissolution rate that is not only extremely low
compared to evaporitic potash but also does not allow having enough bioavailable potas-
sium [18]. Indeed, this is due to their crystalline structure built by silicon-oxygen tetra-
hedron (SiO4)4− and aluminum-oxygen tetrahedron (AlO4)5− where potassium ions are
found within the void structure to preserve the electrical neutrality of the system. Thus,
this configuration leads to a solid network structure that inhibits potassium availabil-
ity [15,19–21]. Consequently, to enhance potassium release, the crystal matrix of feldspar
must be destroyed or at least altered [9]. Various methods have been proposed from the
mechanical process to hydrothermal treatment including bioleaching, chemical leaching,
alkali fusion, and roasting [22–26]. Particle size distribution is recognized as a key factor
of mineral reactivity [27]. Mechanical activation by grinding increases the specific surface
area and may cause lattice distortion, leading to the breakage of mineral structures [28–30].
Then, grinding followed by thermal treatment and leaching are the most commonly used
methods for potassium extraction from alumina-silicate minerals [18,31]. This method, also
called hydrothermal treatment, helps accelerate chemical weathering. Different additives
have been used, such as NaNO3, MgSO4, CaCO3, CaCl2, NaCl, NaOH, CaO(OH)2, K2CO3,
Ca3(PO4)2, and Na2CO3 [13,32–34]. For instance, Liu et al. (2019b) and Wang et al. (2018)
studied the recovery of potassium from potassic syenite, which contain 10.38% and 12.46%
K2O, respectively [25,35]. Their results demonstrated the effectiveness of NaOH as an
additive in an average temperature of 220 ◦C and particle sizes ranging between 74 and
150 µm. Other authors such as Liu et al. (2012), Su et al. (2015), Ciceri and Allanore (2019),
and Ciceri et al. (2020) also led experiments with CaO, NaOH, KOH, CaCO3, and CaSO4
under an average temperature varying between 200 and 290 ◦C [36–39] for a reaction time
between 0.5 and 8 h and a particle size ranging from 74 to 250 µm. These authors showed
that hydrothermal treatment is effective for K release.

To ensure food security and reduce the gap between supply and demand in African
countries in particular, igneous rocks are evaluated for application as a fertilizer. It is the
first time that these methods are applied in Morocco and Africa in general. Additionally,
although many authors used high temperature for hydrothermal treatment and acid de-
composition for the leaching test, in this study the effectiveness of the alkali-hydrothermal
treatment to enhance K release was investigated at a relatively low temperature and water
was used as solvent for the leaching. Potassium-rich silicate rocks from several locations in
Morocco (Anti-Atlas and Central High Atlas) were collected. The raw samples were ground
and then alkali-hydrothermally treated. The alkali-hydrothermal treatment consisted of
heating the mixture of powder rock and NaOH in an autoclave at 170 ◦C for 7 h. The
mass ratio was about 1.87. Later, the contribution of the alkali-hydrothermal treatment
was evaluated using mineralogical and chemical characterizations (optical microscopy,
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XRD, SEM-EDS, TGA, FTIR, X-ray fluorescence (XRF), Inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) and leaching tests.

2. Materials and Methods
2.1. Geological Description
2.1.1. High Atlas Tamazeght Alkaline Massif

Tamazeght alkaline complex is situated in the northern side of the Central High
Atlas 20 km south of the city of Midelt, Morocco (Figure 1). It shows an elliptical massif
stretched 17 km over a total area of 70 km2. This Eocene complex (ca. 33–44 Ma) is
emplaced into an extensional graben structure and composed of a wide range of lithological
facies varying from ultramafic to felsic alkaline-peralkaline rocks that are associated with
carbonatites [40,41]. Among these lithologies, potassic-rich rocks can be found such as
feldspathoidal syenites and trachytes [42].

Figure 1. Map showing the location of the study areas: Tamazeght, Jbel Boho, El Glo’a, and Ait Saoun
magmatic complexes. SAMF (South Atlas Major Fault) and AAMF (Ati-Atlas Major Fault).

2.1.2. Anti-Atlas Jbel Boho, El Glo’a, and Ait Saoun Complexes

The Jbel Boho alkaline magmatic complex is located in the SE part of the Bou-Azzer
Precambrian inlier (Moroccan Anti-Atlas; Figure 1). This complex covers an area of about
15 × 5 km that consists of an important alkaline volcanic series from the early Cambrian
Age intruded by a significant syenite intrusion attributed to the Cambrian Age as well
(ca. 534 Ma) [43,44]. The syenitic body occurs as 0.8–1.5 km-wide and 1.5–2.5 km-long
intrusions, trending in a NE–SW direction. This pluton ranges between quartz and olivine
syenites. The alkaline volcanic series, on the other hand, varies from basanites/tephrites,
trachyandesites, and trachytes-trachydacites to alkaline rhyolites [45].

The volcanic complex of El Glo’a is a volcano-sedimentary series of 100–200 m of
thickness that belongs litho-stratigraphically to the Jbel Boho alkaline unit (Figure 1).
Various rocks can be found in this complex such as basalt, pyroclastic breccias, pyroclastic
tuffs, and trachytes. The pyroclastic tuffs represent the most abundant facies and are
present at the base of the dolomitic sequence of the Adoudou formation [46,47]. Syenite
occurrences are also reported in the area [48].
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Further to the north of Jbel Boho at 30 km, the Ait Saoun sub-alkaline magmatic
complex is located at the SW end of the Saghro inlier in the Agdz region (Moroccan Anti-
Atlas; Figure 1). The volcanic activity of this complex consists of two lower basaltic and
andesitic-basalt flows interbedded in the upper part of the basal massive conglomerate,
and upper felsic lavas and tuffs surmounted by the Adoudou formation [48,49]. Ait
Saout displays a large variety of rock types, including basalts, andesitic basalts, andesites,
porphyritic dacites, rhyolites, and ignimbrites [50–52].

2.2. Methods
2.2.1. Petrographic and Mineralogical Characterizations

Six magmatic rock samples of Moroccan magmatic complexes cited above were in-
vestigated through integrated petrographic and mineralogical studies (Figure 1). The
samples comprise Tamazeght TS01, TS10, and TS14; Jbel Boho JB16; Ait Saoun AS01; and
El Glo’a EL01. For the petrographic study of the polished thin sections, we used standard
microscope Leica DM 2700P in the laboratory GeoAnalyticLab in the Geology and Sus-
tainable Mining department (UM6P: Mohammed VI Polytechnic University, Benguerir,
Morocco). The samples were crushed and thin sections in powders were made to evaluate
the petrographic variation between raw and treated material. The mineralogical composi-
tion of studied samples was determined by X-ray diffraction using a Bruker D8 Advance
diffractometer equipped with two X-ray sources (Cu and Mo) at the MSN-UM6P laboratory.
The powders were scanned over a diffraction angle (2θ) ranging between 5 and 70◦. The
scan steps were 0.02◦ 2θ step size and 1 s counting time per step. Identification and quan-
tification of major crystalline minerals were done using X’expert Highscore software (3.0.5,
Almelo, The Netherlands) with the crystallography open database (COD 2013), and the
detection limit was around 1–5% [53,54]. This implies that minerals in lower proportions
could be present without being detected by XRD. At the same laboratory, the scanning
electron microscopy (SEM) images were obtained at a 10.0 kV accelerating voltage using
the Zeiss microscopy EVO 10 model. Rock powder was gold coated and the morphological
features of the material were evaluated under secondary electron while BackScattered
Electron (BSE) and Energy Dispersive Spectrometry (EDS) modes were used to show the
chemical contrast and quantification.

2.2.2. Physical and Chemical Characterization

The particle size distribution of solid samples was analyzed by wet dispersion using
Malvern Mastersizer 2000G (Malvern Instruments Ltd., Malvern, UK). The specific surface
area was directly determined by the equipment software (version5.12F) and recalculated
through Mbonimpa (2002) equations for granular materials. The spread of the particle size
curves is given by the coefficient of uniformity (i) whereas the curvature coefficient is used
to describe the different shapes of the particle size curves (ii):

Cu = D60/D10 (i)

Cc = D302/D10*D60 (ii)

D10, D30, and D60 effective particle diameters correspond to 10%, 30%, and 60%
passing on the cumulative grain size distribution curve, respectively.

The whole-rock major chemical compositions of the studied samples were obtained
by X-ray fluorescence (XRF) using a PANalytical Epsilon 4 (Malvern Instruments Ltd.,
Malvern, UK) spectrometer. Loss on ignition (LOI) was calculated according to the weight
before and after samples were burned at (950 ◦C) for 60 min [55].

LOI950 = 100*[(mo −mf)/mo]; mo is the dry weight of the sample before combustion
and mf is the dry weight of the sample after heating.

The chemical index of weathering (CIW) is commonly used to characterize the weath-
ering profile. However, CIW may yield a very high value for K-rich rock whether it is
chemically weathered or not, because it does not take into account Al associated with
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K-feldspar [56]. In this study, CIW was used to determine the alterability of rocks to allow a
better understanding and prediction of leaching behavior. This index is calculated through
the formula

CIW = [100*(Al2O3)/(Al2O3 + CaO + Na2O)] (1)

Thermogravimetric analysis (TGA) of the hydrothermal product was used to track the
material behavior throughout the process. The analysis was conducted in the temperature
range of 26–900 ◦C under nitrogen gas with a heating rate of 10 ◦C/min using discovery
TGA. Fourier-transform infrared spectrometry (FTIR) was conducted using a Perkin Elmer
in the range of 650–4000 cm−1 on transmittance mode.

2.2.3. Alkali-Hydrothermal Treatment and Leaching Tests

Alkali-hydrothermal treatment on the studied samples consisted of heating the mix-
ture of NaOH and milled raw samples at 170 ◦C for 7 h. The mass ratio was about 1.87
and NaOH normality was about 4 N. The mixture was placed in a 100 mL stainless steel
autoclave that was internally Teflon coated. After each treatment, the treated sample was
deagglomerated using a mortar grinder mill and then dried at 70 ◦C.

Chemical species release from raw and treated samples was evaluated using leaching
tests. Indeed, 4 g of solid samples were leached by 40 mL of deionized water for 1 week. The
leachates were filtered to 0.45 µm and then analyzed for their pH and electrical conductivity
using a pH and conductivity meter (METTLER TOLEDO, Greifensee, Switzerland). Then
the chemical composition of the filtered leachates was analyzed using ICP-AES (Perkin
Elmer Optima 3100 RL, Waltham, MA, USA) after sample acidification with 0.3% v/v
HNO3.

3. Results
3.1. Petrographic Description

All samples from the Tamazight alkaline complex occurred as coarse-grained syenites,
displaying post-magmatic fractures and alteration (Figure 2). The sample TS14 contained
mainly euhedral to subhedral K-feldspar crystals (orthoclase: up to 60 vol.% of the rock) up
to 1 cm in size, which were slightly altered and fractured. It was also composed of a greyish
destabilized mineral phase (up to 25–30 vol.%) (old feldspathoids, e.g., relict nepheline)
that was completely transformed to clay minerals. Albite, titanite, quartz, ferri-sodic
pyroxene, carbonates, garnet, Fe-Ti oxides, apatite, and zircon were the main accessory
minerals. Compared to TS14, TS01 and TS10 were strongly altered syenites in which all
ferromagnesian minerals (e.g., pyroxene, biotite) were replaced by Fe-oxides. Subhedral to
anhedral crystals of K-feldspar (orthoclase and microcline) were abundant and reached
50–60 vol.% of the rock. These K-bearing minerals were strongly sericitized and kaolinized.
Nepheline, biotite, plagioclase, quartz, carbonates, titanite, garnet, Fe-Ti oxides, apatite,
and zircon were also present.

On the other hand, the Jbel Boho JB16 was a coarse-to-porphyritic grained reddish
syenite (Figure 2, Table 1). About 80 vol.% of the rock was composed of euhedral to
subhedral kaolinized and sericitized crystals feldspar centimetric in size, with albite being
more abundant than K-felspar. Quartz and ferromagnesian minerals (biotite or pyroxene)
were omnipresent. Fe-Ti oxides, carbonate, apatite, and zircon were also present. The Ait
Saoun AS01 possessed a porphyritic texture and a potassic trachyte signature (Figure 2,
Table 1). It was composed mainly of euhedral K-felspar (microcline), minor euhedral to
subhedral quartz, and plagioclase phenocrysts (up to 1 cm in size), which constituted up to
20 vol.% of the rock. Fine-to-coarse-grained groundmass (~80 vol.%) wrapping phenocrysts
were made up mainly of microcline ~0.1–0.3 mm in size. Quartz, Fe-Ti oxides, and clay
minerals were also observed. There were also some cavities filled by chalcedony.
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Figure 2. Photo showing the petrography of Tamazeght, Jbel Boho, El Glo’a, and Ait Saoun, samples
respectively: (A)-TS01, (B)-TS10, (C)-TS14, (D)-JB16, (E)-AS01, and (F)-EL01 samples. Or: orthoclase,
Bt: biotite, Qtz: quartz, Ap: apatite, Ne: nepheline, Ab: albite, Kfs: potassic feldspar, Px: pyroxene,
Opq: opaque, and Grt: garnet. Scale bars for (A): 200 µm and (B–F): 500 µm.
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Table 1. Mineral composition and brief description of the selected samples based on petrographical observation. Nepheline
(Ne), garnet (Grt), biotite (Bt), Mica (Mic) Fe-Ti oxides (Opq), orthoclase (Or), apatite (Ap), chlorite (Chc), quartz (Qtz), albite
(Ab), potassic feldspar (Kfs), pyroxene (Px), amphibole (Amph), titanite (Ttn), zircon (Zrc), plagioclase (Pl), carbonates
(Carb), microcline (Mc), and clay minerals (Clay).

Sample Texture Alteration Fracturing Mineral
Contents Lithology Description Rock Nature

TS10 Coarse-grained High High
Or, Ne, Bt, Mic,

Px, Grt, Opq, Ap,
Clay, Ttn, Zrc

Highly weathered rock with
centimetric Kfs and

Ne minerals
Nepheline syenite

AS01 Microlitic Medium to high Low Kfs (Or/Mc), Qtz,
Opq, Clay

Less weathered, mainly
composed of centimetric Kfs.
Chalcedony and quartz are

also present

Trachyte

TS14 Coarsed-grained,
porphyritic Medium Medium

Or, Ne, Ab, Px,
Clay, Carb, Qtz,

Opq, Ap, Zrc

Highly weathered rock with
centimetric Kfs minerals Syenite

TS01 Coarse High Low
Kfs (Or/Mc), Pl,
Bt, Px, Clay, Opq,

Ttn, Ap, Zrc

Kfs highly altered, biotite
and apatite are present Syenite

JB16 Coarse-grained Medium Medium Ab, Or, Qtz, Bt,
Px, Ap, Opq

Iodomorphic centimetric
and altered Kfs. Apatite and

quartz are also present
Syenite

EL01 Microlitic Medium Low to medium Or, Opq,
Px/Amph Weathered rock Trachyte

The El Glo’a was a fine-grained trachyte with rare phenocrysts (Figure 2, Table 1).
The sample presented microlites of K-feldspar (orthoclase) and opaque minerals 10–30 µm
in size. There were also small brownish relict grains that could be assigned to ancient
pyroxene or amphibole.

A thin section was also made for only one finely crushed rock (TS10: raw and hy-
drothermal material) and the petrographic observation confirmed the major change in
terms of grain size, texture, and shape (Figure 3). The raw material exhibited an equigranu-
lar fine texture with indeterminable crystal phases. However, the treated material displayed
some textural change due to the addition of NaOH; a neoformed subhedral to euhedral
mineral appeared in a sandy matrix.

3.2. Mineralogical and Structural Characteristics

The mineralogical composition of the studied samples is presented in Figure 4 (XRD
patterns are shown in supplementary materials, Figures S1–S6). The studied samples were
composed mainly of orthoclase, microcline, albite, muscovite, biotite, and anorthite, which
confirmed the results of the petrographic observations (Figure 2). Based on the profile
fitting method, quantitatively the orthoclase content ranged between 20 wt% for JB16 and
68 wt% for TS14. Microcline was only detected in the AS01 sample and account for 74 wt%
of the rock. Muscovite was found in all samples and ranged from 12 wt% for TS14 to
23 wt% for EL01, whereas albite represented the major phase in JB16 and EL01. Moreover,
titanite, cristobalite, dolomite, and calcite were detected in minor amounts.
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Figure 3. Petrography of the TS10 sample: crushed raw material (A–D) and crushed treated material
(E–H). Scale bars: 500 µm.

The mineralogical composition of the hydrothermally treated rocks is presented in
Figure 5. Potassic feldspar (orthoclase, microcline) and sodic feldspar (albite) remained the
main phases within the treated samples. However, each sample presented the same new
mineral in different proportions: sodium carbonate, called thermonatrite (Na2CO3H2O),
whereas zeolites (analcime and sodalite) were detected as a minor phase in JB16H and
TS10H. Cancrinite represented a significant constituent of AS01H. Additionally, minor
products such as chamosite and cronstedtite resulting from hydrothermal alteration of
pyroxene, amphibole, and biotite were found in JB16H and EL01H. Other products such as
mayenite and grossite were found in TS10H, TS14H, and TS01H.
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Figure 4. Mineralogical composition of the raw samples using XRD analysis.

Figure 5. Mineralogical composition of the treated samples using XRD analysis.

SEM photographs (Figures 6 and 7) revealed a significant change in the morphology
compared to the original surface of the raw material. K-feldspar exhibited intense alteration,
which was confirmed by the EDS spectra of the different samples. For better visualization
of the EDS images and a good characterization of the various changes that took place, only
some elements are shown even if other elements are present. Going from raw to treated
material, both samples became sightly enriched in K but their Na content differed strongly
(from 1% to 12% in TS01 and from 3% to 12% in EL01).
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Figure 6. SEM-EDS of the raw material indicating the elemental distribution: (A) TS01 and (B) TS01H
observed at 100 µm and 40 µm. (K: potassium, Si: Silicium, Na: Sodium, Mg: Magnesium, Al:
Aluminium, C: Carbon and O: Oxygen).

Figure 7. SEM-EDS of the treated materials indicating their elemental distribution: (A) EL01 and (B)
EL01H observed at 100 µm and 40 µm. (K: potassium, Si: Silicium, Na: Sodium, Mg: Magnesium, Al:
Aluminium and O: Oxygen).

3.3. Physical and Chemical Characteristics
3.3.1. Physical Characteristics

Particle size reduction increases the available specific surface area and consequently
the reactivity of solid materials [57]. The particle size distribution (PSD) of raw sample
powders is shown in Figure 8. Indeed, D90, which corresponded to 90% passing on the
cumulative PSD curve, was about 71.5, 130.9, 62.2, 75.1, 55.1, and 32.8 µm for AS01, EL01,
JB16, TS01, TS10, and TS14, respectively. Similarly, D50, which corresponded to 50%
passing on the cumulative particle size distribution curve, ranged between 6.5 and 34.3 µm.
Consequently, the specific surface area (SSA) ranged from 1.48 to 2.18 m2/g. Similarly, the
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uniformity coefficient (Cu) ranged between 10 and 50, whereas the curvature coefficient
(Cc) was less than 3 for the studied samples. These results show that the particle sizes were
well spread, without predominance of any particular fraction. The studied samples also
show a relatively similar surface specific area (SSA), uniformity coefficient, and coefficient
of curvature, implying that their behavior in these experiments could be comparable.
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 Figure 8. Particle size distributions of the studied samples.

3.3.2. Chemical Characteristics

The whole-rock geochemistry shows that the rocks were generally peraluminous and
the major elements were SiO2 and Al2O3. Other elements such as TiO2, MnO, MgO, CaO,
Na2O, and P2O5 were marginally present. SiO2 contents were higher than 50 wt% in all
studied samples (Table 2). The K2O content ranged from 5.7 wt% to 13.3 wt%. The chemical
index weathering (CIW) showed different alterability of rocks, identifying TS10 followed
by TS14 samples to be potentially more alterable than others.

Table 2. X-ray fluorescence analysis for selected samples and chemical index weathering val-
ues (CIW).

Samples SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total CIW

AS01 55.1 1.5 15.8 9.7 0.2 0.1 1.3 0.1 13.3 0.4 2.4 99.9 91.9

EL-01 59,6 0.3 16.2 4.7 0.1 0.8 0.5 2 7.9 0.1 2.4 94.6 86.6

JB-16 60.7 0.5 16.7 6 0.1 0.9 1.2 4.9 5.7 0.2 2.6 99.5 73.2

TS10 53.1 0.5 24.3 3.3 0.1 0.1 0.9 0.1 12.7 0.1 3.8 99 96.4

TS14 53.9 0.7 23.2 3.8 0.2 0.1 0.8 0.3 13.2 0.1 1.7 98 95.5

TS01 57.9 1.4 17.2 5.1 0.2 0.4 1 0.2 11.5 0.2 2.9 98 93.5

Based on the petrographic observations (Table 1), some factors favored K leaching,
such as texture, fracture, weathering, K-bearing mineral content, and particle size. How-
ever, all materials had a similar particle size and almost the same texture. Then mineralogy,
texture, fracturing, and alterability (CIW) were taken into account for the following pro-
posed leaching ranking Equation (2):

TS10 > TS14 > AS01 > TS01 > EL01 > JB16 (2)
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3.4. Thermogravimetry Analysis (TGA)

Thermo gravimetric analysis (TGA) is used to investigate the thermal stability or
behavior of a material in different atmospheres (inert in this study). The shown curves
(Figure 9) represent the weight change in the samples (TS14, TS10, TS01, AS01, JB16, EL01,
and their hydrothermal equivalent) as a function of temperature.

Figure 9. Thermal gravimetric analyses (TGA) of TS01, TS10, TS14, JB06, AS01, and EL01 samples
(A) and their hydrothermal equivalent (B) from room temperature to 900 ◦C.

As an overall trend, it can be seen that for all samples, the weight decreased gradually
with temperature. However, for raw material different behavior can be distinguished:
TS14 and TS01 showed the first loss of 0.8% at 225 ◦C, followed by a second weight loss of
1.5% from 225 ◦C to 880 ◦C. EL01 showed a mass loss of 1.56% at 489 ◦C, followed by a
second weight loss of 3.12% from 489 ◦C to 720 ◦C. AS01 and JB16 looked almost similar,
with weight losses of 2.37% and 2.8%, respectively. Concerning hydrothermal material,
the sample behaviors tended to be more homogenous, except for EL01H, which showed a
mass loss of 3.35% at 490 ◦C and 1.6% from 490 ◦C to 881 ◦C. The result of raw materials
corroborated the loss of ignition, whereas the mass loss was higher for hydrothermal
material. Weight loss can be used as an indirect estimate of the reactions that occur: The
greater the loss, the more reaction products are formed. Thus, the significant weight loss
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of the treated material supports the XRD, which showed a wide variety of neoformed
minerals.

3.5. Fourier-Transform Infrared (FTIR)

The structural analysis of raw and hydrothermal material done by XRD and TGA was
further complemented by detailed FTIR analysis. Spectra of the raw sample powders (TS01,
TS10, TS14, JB16, AS01, EL01) and their corresponding treated samples in the wavenumber
range of 650–4000 cm−1 are shown in Figure 10. As the samples presented almost the same
behavior and deformations occurred at a different wavelength, absorption bands were
observed at 727, 1050, 1456, and 1742 cm−1 and were assigned as follows: The bands 727
and 1050 cm−1 were assigned to Si-(Al)Si and Si(Al)-O stretching vibrations, respectively,
and 1742 cm−1 bands were attributed to the H-O-H bending mode of molecular water
(zeolite water). Blanco (1989), Kanepit (1995), and Brittaposnatzki (2003) [58–60] associated
this band with the bending vibrations of oxonium ions H3O+ in the cancrinite. Compared
to the raw material, the hydrothermal samples exhibited strong peaks at band 1456 cm−1,
which can be attributed to the stretching vibration of C=O [61]. The absorption band at
1456 cm−1 in treated material could be attributed to the change in mineral structure and
the embedding of NaOH. These results confirm the presence of carbonate groups and are
in agreement with the XRD results showing the presence of a thermonatrite phase.

Figure 10. FTIR spectrum of raw (A) and hydrothermal (B) samples.

3.6. Leaching Tests

The results of pH and electrical conductivity (EC) analyses of the leachates from
the raw and treated samples are presented in Table 3. The treated samples generated
basic leachates with pH values ranging between 12.1 and 12.6, whereas the raw materials
generated circumneutral leachates with pH values comprising between 8.6 and 9.2. The
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electrical conductivity was higher for treated samples compared to the raw material. Higher
EC indicates higher chemical loads. Indeed, the EC within treated samples was around
19,000 µS/cm. These high values might be explained by the release of chemical species
from the treated samples.

Table 3. pH and electrical conductivity data of the selected sample.

Samples TS01 TS10 TS14 EL01 JB16 AS01

pH (raw material) 8.6 8.9 9.2 8.5 8.8 8.9

pH (treated material) 12.4 12.3 12.2 12.1 12.3 12.6

Electricla conductivity (µS·cm−1)
(raw samples)

249.8 196.2 249.2 377.4 297.1 243.3

Electrical conductivity (µS·cm−1)
(treated samples)

20947.4 23281.8 19790.5 17631.3 18368.7 19524.3

The leaching of each sample (mg/L) is graphically displayed in Figure 11 (data in
Table S1, Supplementary Materials). The macronutrients released, including Ca, Mg, K, and
Si are higher for the treated samples than for the raw samples. The treated material also
exhibits the release of Fe, P, and Al in low proportions. Potassium and silicon are the most
released elements by the hydrothermal treatments. Quantitatively, raw material shows a Si
and K release of about 8.2, 7, 4.6, 5.4, 5.5, and 6.2 (mg/L), and 40.7, 33.3, 20.7, 30.7, 36.7,
and 55.3 (mg/L) for AS01, EL01, JB16, TS01, TS10, and TS14, respectively. Concerning the
treated samples, Si and K concentrations are about 1483.1, 2018, 2048.1, 1119.6, 1473, and
2759.6 (mg/L) and 959.4, 469.5, 218.6, 932.3, 1278.5, and 1206.5 (mg/L) for AS01H, EL01H,
JB16H, TS01H, TS10H, and TS14H, respectively. 
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Figure 11. Leaching (mg/L) of the raw and hydrothermal materials after one week.
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Although water might not be similar to realistic soil conditions (less aggressive than
soil), both materials were able to release potassium and the extraction percentages are
given in Figure 12 (data in Table S2. Potassium extraction efficiency was less than 3% for
raw samples but it reached 50.5% for treated samples. It can also be noted that in the
leaching for raw samples, potassium release was correlated to initial potassium content;
the higher the potassium content is, the higher the release is. However, this correlation was
not observed for treated samples.

Figure 12. Potassium extraction percentage for raw and treated samples.

4. Discussion

Mineralogical characterization showed the formation of a thermonatrite after the hy-
drothermal treatment. Thermonatrite may indicate carbonation and its major peaks formed
at 2θ angles of 32.3 and 37.8◦. This mineral resulted from a chemical reaction between
sodium hydroxide and carbon dioxide (Equation (3)). It was formed during hydrothermal
treatment at a low temperature (100 ◦C, 130–160 ◦C) and such peaks were observed in some
studies when using kaolinite, fly ash, and volcanic ash [62–66]. Regardless of the used
raw aluminosilicate materials, analcime and sodalite are high-temperature zeolites whose
formation promotes the release of K in solution (Equations (4) and (5)) [35,37]. However,
Hackbarth et al. (1999) proved that an intermediate phase between cancrinite and sodalite
can appear with NaOH (C = 4 N) at a low temperature (T = 80 ◦C) [66].

2NaOH + CO2 → Na2CO3 + H2O (3)

KAlSi3O8 + Na+ + H2O→ Na2AlSi2O6H2O + HSiO3
− + K+ (4)

6KAlSi3O8 + 8Na+ + 14OH- + 2H2O→ Na8Al6Si6(OH)2·2H2O + 12HSiO3
− + 6K+ (5)

From raw to treated materials, samples become highly enriched in Na content, which
confirms the formation of thermonatrite. SEM images of hydrothermal samples seem to
be similar to the homogenous pseudohexagonal crystal of hydroxy-sodalite generated at
almost the same experimental conditions by Esaifan et al. (2017, 2019) [67,68]. However,
despite other zeolites having been identified in low amounts by XRD, no clear characteristic
morphology of these crystals has been observed in SEM. Some studies already proved that
K-feldspar (microcline) forms other phases (well-crystallized zeolite) when hydrothermally
treated using NaOH as an additive with various concentrations at high temperatures [35,69].
Chen et al. (2017) and Liu et al. (2019) used natrolite syenite and potassic syenite mainly
composed of microcline, biotite, natrolite, muscovite and microcline, plagioclase, quartz,
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respectively [35,69]. Although their mineralogy was close to our trachyte and syenite
composition, zeolites were not well observed probably due to the low concentration of
NaOH and the low temperature under which the treatments were carried out.

Chemical species releases from raw and treated samples were variable (Figure 11).
This can be explained by variation in terms of particle size distribution, initial rock alter-
ation, initial K content, and mineralogical composition. Concerning the particle size, the
uniformity coefficient was chosen because it takes into account two different diameters
(D10 and D60), which is more accurate than one particle size for spread distribution. Uni-
formity coefficient (Cu) showed a strong negative linear correlation with the extracted
potassium (Table 4). Potassium release decreased with the increase in particle size. Even
though few samples were compared, this result confirms the relationship between grain
size and dissolution highlighted by Elghali et al. (2019) [27].

Table 4. The coefficient of correlation (Pearson’s r) between the extracted Ke and the other parameters.
Uniformity coefficient (Cu), chemical index of weathering (CIW), and initial K (Ki).

Variables Ke
Raw Materials

CIW Ki
Cu

Ke 1 - - -
Cu −0.64 1 - -

CIW 0.81 −0.37 1 -
Ki 0.90 −0.57 0.92 1

Variables Ke
Treated Materials

CIW Ki
Cu

Ke 1 - - -
Cu −0.72 1 - -

CIW 0.91 −0.37 1 -
Ki 0.96 −0.57 0.92 1

Table 4 presents the correlation matrix between leached K (Ke) and initial K content
(Ki), Cu, and CIW. However, it is important to mention that the actual potassium content
in the rock takes into account K feldspars (orthoclase, microcline) and other K-bearing
minerals such as biotite, illite, nepheline, phlogopite, and muscovite. The prediction of
K release was performed using CIW as the alterability parameters and initial potassium
content of the samples. The two parameters showed a strong positive correlation, implying
that the higher the initial K content (Ki) and alterability are, the higher the K release of
a sample is. The observed value shows that going from raw to hydrothermally altered
material, the correlation between released potassium (Ke) and CIW increased from 0.81 to
0.91, whereas the correlation between potassium extracted (Ke) and initial K content (Ki)
went from 0.9 to 0.96. Thus, the initial content in the rock of minerals bearing K and their
alterability have a significant effect on the release of potassium.

Plants require at least six elements for normal growth (primary nutrients: N, P, and
K, and secondary elements: Ca, Mg, and S) [70]. However, it is also important to consider
not only increasing the amount of nutrients in the soil, but also improving the quality of
the soil after applying fertilizer [71]. Indeed, if these hydrothermally treated materials
are applied to the soil, Ca, Fe, Mg, and Si are released. Ca has a role in maintaining
physical properties of soil and a liming effect in acidic soils [71]. Calcium also contributes
to soil fertility by maintaining good aeration [72]. Additionally, Mg behaves as an enzyme
activator and constituent of chlorophyll, and silicon (Si) helps to stimulate plant growth
and alleviate various biotic–abiotic stresses [70,73]. Silicon also influences the availability
and accumulation of mineral nutrients in the soil. Meanwhile, Fe is most beneficial for
calcareous and alkaline soils [71,73,74]. Despite the fact that petrography observations and
CIW values were not able to accurately predict the leaching behavior of raw samples, they
were effective for treated materials that followed the petrography hypothesis proposed in
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Equation (5). This implies that when hydrothermally treated, some factors favor K leaching.
Regarding the thermodynamic stability, Manning (2010) already proved that biotite and
phlogopite (K- and Mg-bearing minerals) and muscovite, nepheline, and K-feldspar (K-
bearing minerals) have different dissolution rates. Nepheline and biotite present the highest
dissolution rates [75]. Therefore, since the kinetics of mineral dissolution reactions control
the availability of nutrients, it can be expected that materials that include them will release
more K. Textures directly related to nucleation and crystal growth could also affect the
rate of K leaching. Thus, a microlitic texture should have a faster leaching rate than coarse
grain. The TS10 sample showed the highest leaching result, probably because of its varied
mineralogy (Figure 4). Indeed, it contained nepheline and biotite, which are known for
their higher dissolution rate than orthoclase or microcline. Kump et al. (2000) and Marshak
(2015) highlighted that the degree of polymerization also influences the stability of the
mineral structure [76,77]. Consequently, as seen in Table 2, SiO2 content showed good
correlation with potassium extracted—the higher the silica content was, the less potassium
was released from the samples. Compared to the results reported by other authors, the
extraction percentages obtained in this study were low mainly due to the slightly lower
temperature, but it is still interesting to take into account that water was used as a solvent
and the leaching time was one week [35,78,79].

Furthermore, it must be noted that the products obtained by hydrothermal treatment
seem entirely appropriate as fertilizers, providing both essential nutritional needs and
improving the quality conditions of soils. In addition to being good nutrients sources,
potassic silicate rocks could also be good liming materials. Indeed, soil acidity makes some
nutrients less available and Al and Mn mobile and toxic [8,80]. Acidity can also damage the
propitious environment for bacteria and other soil organisms, affect the nitrogen fixation,
and make the soil exposed to erosion [79]. Left untreated, soil acidification can negatively
impact agricultural productivity and sustainable farming systems. Acidification can also
spread to the subsoil layers, causing serious problems to the plant roots, thereby affecting
the supply of water and nutrients [81]. Thus, to restore acidic soils, liming increases the soil
pH and limits Fe, Al, and Mn reactivity; promotes an environment for microbial activity;
reduces leaching losses of potassium; stimulates the decomposition of soil organic matter;
and enhances nitrogen fixation [81,82]. In this study, aluminum (Al) was also present
among the leached elements. In general, Al exists in all soils, but its toxicity is mainly
restricted to acid environments. When the pH drops below 5.5, Al3+ ions are dissolved
and become highly phytotoxic [83,84]. Although for many plants Al is toxic when its
concentration is greater than 2–3 ppm with pH < 5.5, it is also important to mention that
Al resistance depends on the type of crop [85–87]. For instance, in Brazil, where climatic
conditions are similar to those in Africa, a threshold of 45 to 50 ppm has been set as the
limit above which no cultivation is possible and 5 to 10 ppm as the limit below which there
are practically no issues of toxicity [88]. Therefore, our rocks, although releasing aluminum,
were well below the toxicity limit, with 5.6 ppm as the maximum content for JB16H. For
raw materials, Al content lay between 0.03 ppm and 0.8 ppm, whereas the treated samples
released 4.9, 3.5, 5.6, 4.9, 2.8, and 3.8 ppm of Al for AS01H, EL01H, JB16H, TS01H, TS10H,
and TS14H, respectively. Indeed, these fertilizers could be more suitable for tropical regions
where soils are acidic, and a humid climate prevails. However, due to the high sodium
(Na) content in the treated samples, it would be advisable to explore a new reagent for
application as a fertilizer. In fact, Na is harmless in small amounts and can be beneficial for
plant metabolism [89]. In contrast, at high levels, Na can affect the soil physical properties
by promoting deflocculation and soil dispersion [90]. These issues reduce the permeability
of soil to air and water infiltration, increase runoff and soil erosion, and reduce hydraulic
conductivity [91,92]. Leonardos (1987, 2000) and Gillman (2001, 2002) demonstrated the
positive effects of using potassic and ultra-potassic rocks in degraded soils where long-term
benefits are needed [93–96]. These slow-release rocks could reduce the mineral residue
(elements not used by plants) accumulated in the soil. However, consideration should be
given to the efficiency of nutrient utilization by plants when applying them. Nevertheless,
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the effectiveness of these products should be confirmed by conducting agronomic trials
at the greenhouse scale in comparison with conventionally used fertilizers. In addition,
raw materials (K-rich igneous rocks) offer the advantage of being geographically well
distributed compared to conventionally used fertilizers, allowing access to locally available
resources.

Moreover, conventional fertilizers cause several issues related to their environmental
footprint. Potash resources are mainly located in five countries (Canada, China, Belarus,
Russia, and Germany). Consequently, African countries must import their needs, which
can have serious environmental impacts. Thus, producing fertilizers based on available
and local resources may improve the overall sustainability of agronomic activities [97].

5. Conclusions

Potassium-rich silicate rock could serve as an alternative to conventional potash
resources. These rocks are advantageous because they are more locally available and
contain macronutrients, micronutrients, and beneficial elements required for plant growth.
In addition to K, they also provide the plant and soil with other elements such as Ca, Fe,
Mg, S, P, and Si.

In this study, six samples coming from four regions in Morocco (Tamazeght, Jbel Boho,
Ait Saoun, and El Glo’a) were investigated. Samples were first crushed and milled at
D90 < 130 µm, then mixed with NaOH and treated at T = 170 ◦C for 7 h. The final product
was leached for one week using water as a solvent. The comparison between raw and
hydrothermal material was evaluated using various techniques, such as XRD, TGA, FTIR,
and SEM-EDS. ICP-MS allowed for the quantification of the potassium released in the
solution. The following conclusions can be drawn from these experimental conditions:

1. These results confirm again the importance of petrography and alterability for pre-
dicting the leaching behavior of K-bearing rock;

2. K-rich rock needs to be hydrothermally treated before any application as fertilizer
because hydrothermal treatment significantly enhances the release of potassium and
other beneficial elements through the substitution ion mechanism;

3. Temperature, the initial potassium content of the rock, alterability, and particle size
are found to be important factors controlling the K release; and

4. The approach used in this study provides a significant amount of sodium through
the neoformed Na mineral, so it would be interesting to explore additives other than
NaOH for further application in the fertilizer industry.
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Figure S5: XRD pattern of trachyte-treated samples TS01 and TS01H, Figure S6: XRD pattern of
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