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Abstract
Potassium fertilizers (potash) are mined in a handful of countries in the Northern Hemisphere. Potash is either expensive or
unavailable to the farmers of the Southern Hemisphere. Alkaline alteration of K-feldspar rock (ultrapotassic syenite) in autoclave
in the presence of Ca2+ generates a mixture of K-bearing calcium-aluminum-silicate-hydrate (C-A-S-H) minerals that potentially
can be used as an alternative local fertilizer. This work investigates the effect of processing temperature (200 °C, 220 °C, and
230 °C) and time (from 0.5 to 3.0 h) on pH, mineralogy, and elemental availability of the C-A-S-H mineral mixture. Increasing
temperature results in an increased conversion of K-feldspar and increased content of both the mineral tobermorite
(Ca5Si6O16(OH)2·4H2O) and amorphous phase in the resulting C-A-S-H mixture; increasing time results in an increased con-
version of α-dicalcium silicate hydrate into tobermorite. The amount of K leached from the mixture is relatively constant across
all processing conditions. Hydrothermal alteration in autoclave of K-feldspar-bearing rocks such as ultrapotassic syenite permits
the synthesis of a potential potassium fertilizer which alkalinity and mineralogy can be tailored according to soil requirements.
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1 Introduction

Approximately 95% of the world market of potassium fertil-
izers (potash) is based on KCl. This soluble salt is largely
mined in the Northern Hemisphere with Canada, Russia, and
Belarus as the top producers accounting for more than 60% of
the global output. In 2019, approximately 65 million tons of
KCl were mined throughout the world. After mining, potash is
transported via cargo ships to the Southern Hemisphere, ac-
cording to established supply chains [1]. In the tropics, be-
cause of both distance frommining locations and limited local
infrastructure, KCl is either expensive or unavailable. As KCl
is highly soluble, it tends to be leached to the ground, provid-
ing limited benefits to tropical soils [2].

The need for a new class of affordable potassium fertilizers
alternative to soluble salts for highly weathered soils has driv-
en recent research. Non-evaporitic K-bearing minerals, for
example K-feldspar, are globally distributed, and the K2O
content of ~ 5–10 wt% in their rocks makes them viable K
resources alternative to KCl ores [3, 4].

The dissolution (weathering) and processing of K-feldspar
are the subject of dedicated reviews [5–9]. In acidic soils,
thermodynamics favors the weathering of K-feldspar to sec-
ondary minerals (e.g., clays). However, due to kinetic limita-
tions, such processes are observed only at geological time-
scales [4, 5, 10, 11]. The feldspar weathering rate under ordi-
nary laboratory conditions ranges between 10−6 and
10−9 molK m−2 s−1, and when compared to KCl, which has
an infinitively fast dissolution rate, it is considered too low to
fertilize crop growth. Therefore, affordable and environmen-
tally friendly processing technologies are sought to enhance
the rate of nutrient release to levels that can ensure profitable
crop yields [2, 3, 6, 12–14]. Hydrothermal processing in au-
toclave can be used to accelerate chemical weathering. As an
example, K-feldspar rocks (ultrapotassic syenite) and CaO
processed hydrothermally in autoclave for 5 h at 200 °C and
autogenous pressure (~ 14 atm.) resulted in a hydrothermal
material with a calcium-aluminum-silicate-hydrate (C-A-S-
H) mineralogy, basic pH, and multi-elemental release suitable
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to improve acidic tropical soils [2, 15–17]. Thus far, the role of
autoclave processing parameters on the degree of hydrother-
mal alteration of K-feldspar, resulting C-A-S-H mineralogy,
and relationship to elemental leaching has not been reported in
detail [18]. Although one could envisage that increased pro-
cessing temperature and time promote the mineral alteration
process in autoclave, the overall availability of nutrients from
the processed hydrothermal material cannot be easily predict-
ed given its multi-mineral composition. Particularly, K can be
incorporated stochastically in the C-A-S-H phases that evolve
over time during hydrothermal processing and the individual
K release rate from each of these K-incorporating phases is
currently unknown. Because the potential fertilizer value of
the hydrothermal material for a specific soil and crop is tied to
mineralogy, pH, and elemental availability, it is important to
elucidate how such properties change as a function of process-
ing parameters.

In this study, we investigate quantitatively mineralogy and
elemental leaching of K-feldspar altered hydrothermally with
CaO in autoclave, under a set of chosen processing tempera-
tures (T) and processing times (t). Additionally, hydrothermal
batches are synthesized at a scale of ~ 1 kg, which is a suitable
production output for agronomic testing. The samples of hy-
drothermal material are characterized with X-ray powder dif-
fraction (XRD), scanning electron microscopy (SEM), elec-
tron probe micro-analyzer (EPMA), and laser diffraction anal-
ysis of the particle size distribution (PSD). Leaching tests
followed by inductively coupled plasma mass spectrometry
(ICP-MS) of the leachate were also performed on the dried
hydrothermal material obtained after processing in autoclave.
This work shows that by modifying T and t independently
during hydrothermal processing, it is possible to synthesize
at a kilogram scale a potential potassium fertilizer which min-
eral content and pH properties can be tailored to specific soil
and crop requirements.

2 Materials and Methods

2.1 Hydrothermal Processing

A sample labeled EBT13, an ultrapotassic syenite from the
Triunfo batholith (Pernambuco State, Brazil), was used in this
study. Briefly, the K-feldspar content determined by XRD
was 79.5 wt% followed by albite (12.7 wt%) and pyroxene
(6.6 wt%). The SiO2, Al2O3, and K2O content determined by
XRF was 63.4 wt%, 17.1 wt%, and 13.4 wt%, respectively.
The balance was mainly Fe2O3 (2.3 wt%), Na2O (1.5 wt%),
and CaO (1.1 wt%). Hand-sized field samples were commi-
nuted in a jaw crusher and sieved through a 2-mm mesh. An
in-depth characterization of the rock sample addressing chem-
ical, mineralogical, and petrographic details is reported

elsewhere [4]. Note that this rock has a different composition
than that used by Ciceri et al. [2].

CaO (reagent grade; Sigma-Aldrich) was used as received.
An XRD scan showed that at the time of the experiment, the
CaO grade was 94.5–97.0 wt%, with the main impurities be-
ing CaCO3 (0.8–1.0 wt%) and Ca(OH)2 (2.2–4.5 wt%).
Deionized water (κ ≤ 117 S cm−1) was used for the synthesis
of all hydrothermal batches.

The mixture used as a feed for the hydrothermal process
was obtained by milling jointly in dry conditions 849.3 g of
the ultrapotassic syenite and 150.8 g of CaO. The overall
procedure was as follows: First, the rock was milled in a
mild-steel ball mill (Rocklabs®, ⌀ = 20.32 cm) for 5 min.
Second, the rock powder after milling was screened through
a sieve at 150 μm, and the material left on the sieve was milled
again until it all passed through the 150-μm screen. Third, the
powder < 150 μm was co-milled with CaO for 5 min. The
percentage of K-feldspar and K2O in the feed mixture was
67.5 wt% and 11.4 wt%, respectively. The nominal molar
ratio Ca:Si was 0.3, based on the assumptions of the absence
of Ca minerals in the ultrapotassic syenite and 100% purity for
CaO as discussed previously [2, 4]. For each of the hydrother-
mal synthesis, the feed mixture freshly prepared and water
were loaded in a hydrothermal reactor also called autoclave
(Parr Instruments, 7.6 L, Ti with stainless steel liner, 4843 Parr
controller) at a weight ratio of 1:4, respectively. Processing
was carried out in conditions considered relevant for industrial
implementation, i.e., temperatures of 200 °C, 220 °C, and
230 °C and times from 0.5 to 3.0 h. A lower T does not yield
a significant amount of available K; a higher T requires auto-
claves that are likely to be too costly. For each of the chosen
temperature and time, a new batch of feed mixture was proc-
essed for a total of 18 batches, each of 1 kg. The slurry ob-
tained after processing each batch (i.e., solid material + super-
natant) was poured in a pan and dried overnight at 120 °C.
After drying, the solid cake was ground homogeneously with
a pestle in an agate mortar for subsequent characterizations.
Throughout the manuscript, this dried and re-ground sample is
referred to as the hydrothermal material.

2.2 XRD

The XRD analysis was carried out with a Panalytical X’Pert
MPD diffractometer. The analysis was run using the CuKα

radiation as the X-ray source (45 kV; 40 mA). The 2θ-degree
range for the scans was 6°–90°. The step size was 0.0131°
with an accumulative counting time of 250 s per step. The
quantification of the mineral phases was determined with the
Rietveld refinement.

Further to a standard scan, for each sample, a second XRD
scan was also run and the experimental parameters were the
same as those of the first scan. However, for the second scan
Si powder (NIST SRM 640) was mixed with the sample
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(material:Si = 1:1). The Rietveld refinement on the second
scan was used to compare the integrated intensity of the Si
peaks and the integrated intensity of the known crystalline
phases determinedwith the first scan. Differences in scattering
power were considered in the procedure. The difference be-
tween the integrated intensities of the Si peaks and those of the
other crystalline phases was considered to be the amorphous
content. The final computed percentages of the crystalline
components are the results of the first Rietveld refinement
re-normalized to consider the amorphous component. As per
our previous study [2], for all samples, a few small peaks
estimated in the order of 1 wt% could not be identified and
were not included in the analysis. Furthermore, samples
showed a high degree of preferred orientation and overlapping
peaks; thus, the Rietveld refinement required a great deal of
manual fitting. XRD analysis results are estimates rather than
accurate quantifications.

2.3 SEM and EPMA

The hydrothermal material was observed with the scanning
electron microscope. Elemental point concentrations were
made with the EPMA.

Imaging of the material was made by dusting a pinch of
powder on conductive paint (Carbon Conductive Adhesive
502, Electron Microscopy Sciences). The SEM (JEOL 6610
LV) was operated in high vacuum mode (< 10−3 Pa) using an
accelerating voltage of 10–20 kV.

The point concentration determination was made on the
sample mounted in thin sections (27 mm× 46 mm; Spectrum
Petrographics, Inc.). Before analyzing them, the sections were
carbon-coated (Quorum, EMS 150T ES). The EPMA (JEOL
JXA-8200) analysis was made with an accelerating voltage of
15 kV, a beam current of 10 nA, and a beam diameter of 1 μm,
and counting times on individual particles was 20–40 s. The
same settings were applied to the X-ray elemental map, other
than the current that was reduced to 1 nA.

2.4 Laser Diffraction PSD

The particle size distribution by laser diffraction was deter-
mined with LS 13 320 (Beckman Coulter, Inc.). The smallest
particle size detectable with this instrument is 0.017 μm.

The protocol followed the method ASTM C1070-01 [19].
For the analysis, samples were suspended in water without
sonication or dispersant additives. Garnet.rf780z was chosen
as the optical model, and density was assumed to be
2.6 g cm−3.

Laser diffraction measurements are a quick and efficient
way to determine an entire PSD for comparison across batches
of material. Oppositely, sieving can only provide an informa-
tion of the type “larger than” or “smaller than” a given size
threshold that is for the largest and smallest particles. A

commentary on advantages and disadvantages of different
particle size techniques is given in ASTM E2651-19 [20].

2.5 Leaching Tests (Elemental Availability)

To determine the elemental availability from the dried mate-
rial, particularly K, leaching tests were carried out. The
leaching test is a separate procedure from hydrothermal pro-
cessing. The rock was processed as described in Section 2.1 to
generate a kg level of hydrothermal material. Then, for each of
the hydrothermal batches, three subsamples of 0.3 g were
leached to assess the elemental availability at room tempera-
ture and pressure as described in this section. The kilogram
sample was thoroughly mixed to avoid segregations. A sub-
sample of approximately 10 g was scooped out the main sam-
ple and subjected to coning and quartering until the desired
final subsample of 0.3 g was obtained. The overall procedure
was repeated three times to obtain three different final sub-
samples. Although such leaching experiments do not capture
the dissolution behavior of the material in the soil, they allow a
comparison of the elemental release across processed batches.

The leaching test was carried out according to the follow-
ing protocol: First, a stock solution was prepared by appropri-
ate dilution of standardized HNO3 0.1M (Alfa Aesar) in water
(Ricca Chemical Company®, ACS reagent grade) to obtain
the desired leaching solution, i.e., diluted HNO3 at pH = 5.
Second, 0.3 g of dried hydrothermal material was contacted
with 3 mL of leaching solution.

After 24 h of agitation on a wheel rotator operating at
30 rpm, the leaching suspension was filtered (Whatman
13 mm GD/X, 0.45 μm) and diluted 1:100 by volume in
standardized HNO3 0.1 M. Filtering occurred within 15 min
of stopping the rotation. Each of the leaching experiments was
repeated in triplicates. The pH of all leachates after the 24 h
under agitation was measured with a calibrated pH meter
(Hanna, HI4222). Standard buffers used for calibration were
at pH = 4.00 (Ricca Chemical Company®), pH = 7.00 (Ricca
Chemical Company®), pH = 10.00 (Ricca Chemical
Company®), and pH = 12.46 (Thermo Fisher Scientific).
Lastly, ICP-MSwas performed to determine the concentration
of K, Al, Si, and Ca in the diluted leachate (ICP-MS; Agilent
Technologies 7700 Series). The analysis used a 1 ppm solu-
tion of In as the internal standard (Sigma-Aldrich,
TraceCERT®). Ca was determined in “no-gas”mode whereas
the other elements were run with He at 4.0 mL min−1.

3 Results and Discussion

3.1 Mineralogy and Imaging

Results from XRD analysis of the batches of hydrothermal
material are shown in Fig. 1. Similar to previous studies with
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the same initial molar ratio Ca:Si of 0.3 [2, 15], the hydrother-
mal material contained K-feldspar (altered), hydrogrossular
(Ca3Al2(SiO4)3 − x(OH)4x), α-dicalcium silicate hydrate or α-
C2S in cement chemistry notation (Ca2(SiO3OH)(OH), 11 Å
tobermorite (Ca5Si6O16(OH)2·4H2O), and a portion of min-
erals that did not significantly affect the C-A-S-H chemistry
discussed here. These minerals where therefore grouped under
the label of “minor phases” although they can reach a concen-
tration up to 10wt%. They included cryptoperthite albite (max
5–7 wt%) and, sporadically (max 1–3 wt%), biotite,
panunzite, and quartz. Such phases were not confirmed by
observations with the optical microscope and SEM.
However, they were likely to be original components of the
syenitic raw material [2, 4].

For the lowest T and shortest t (200 °C for 0.5 h), 4.8 wt%
of Ca(OH)2 (portlandite) was also detected by XRD and in-
cluded under the category of minor phases. An amorphous
component was detected in all batches, with a maximum con-
tent of 38.6 wt% at 230 °C for 1.5 h. Selected point analysis of
the chemical composition of the amorphous is reported in the
Supplementary Information. The amorphous originates for the
major part by the precipitation of calcium-silicate-hydrate (C-
S-H) [21]. However, an increasingly disordered feldspar struc-
ture (i.e., the altered K-feldspar) may also be detected as amor-
phous by XRD. XRD did not detect carbonates in any of the
samples [2]. Despite the limitations of XRD analysis [2], some
trends are clearly identifiable in Fig. 1: (i) at 200 °C, the time
required for CaO to react completely was at least 1 h, whereas
at higher T, 0.5 h was sufficient; (ii) a 30 °C rise in T corre-
sponds to ~ 12% increases in the time-averaged conversion of
K-feldspar; (iii) the concentration of hydrogrossular in the
hydrothermal material was relatively constant across all T
and t (10 ± 2 wt% on average); (iv) increasing t transformed
α-C2S into 11 Å tobermorite, a transformation that was accel-
erated by increasing T from 200 to 220 °C; (v) increasing T
from 200 to 230 °C increased the weight fraction of amor-
phous phase independent of t (24 ± 6 wt% at 200 °C and

220 °C vs 37 ± 2 wt% at 230 °C), the amorphous content
being inversely correlated to the fraction of altered K-
feldspar; and (vi) the percentage of minor phases was constant
across all T and t, in the order of 5–7 wt%.

Powder samples observed with SEM revealed key features
of the hydrothermal material (Fig. 2). K-feldspar was severely
altered, which was evident at all T, but more pronounced at
230 °C. Alteration included surface pitting and cracking
(Fig. 2b). Additionally, point concentration analysis with
EPMA (Supporting Information EPMA) confirmed chemical
alteration, with particles of K-feldspar shown to be depleted in
K and slightly enriched in Ca. C-S-H phases incorporated K
even under the mildest processing conditions (200 °C for
0.5 h) (Supporting Information EPMA and Supporting
Figure S1). At 220 °C and 230 °C, a characteristic needle-
like structure attributed to well-crystallized tobermorite ap-
peared in the material mounted in thin section, which became
more common by increasing t. Tobermorite showed larger and
better formed crystals than α-C2S (Fig. 2c, d). Observation of
crystal textures coupled with point analysis (Supporting
Information EPMA) showed that α-C2S converted into K-
tobermorite by increasing t, in agreement with XRD results
(Fig. 1). Both hydrogrossular and tobermorite were richer in
Ca for samples processed at 220 °C rather than at 200 °C and
230 °C (Supporting Information EPMA). The underlying
chemical reason is unclear. For samples processed at 220 °C
and 230 °C, zeolites were also observed in thin sections
(Supporting Figure S2) but not confirmed with other charac-
terization techniques. As an example, zeolites were not detect-
ed by XRD, probably due to very low crystallinity, small
crystal sizes (< 10 μm and frequently < 5 μm), and concentra-
tion below detection limit.

3.2 PSD

The PSD for all samples is reported in Fig. 3. Data confirm
previous findings, showing three distinct population peaks in

Fig. 1 X-ray powder diffraction (XRD) mineralogy of the dried hydro-
thermal material for increasing processing times (t) and temperatures (T).
a 200 °C. b 220 °C. c 230 °C. “Minor” is the sum of minor phases, i.e.,

albite, biotite, panunzite. and quartz; for 200 °C-0.5 h minor phases,
include also 4.8 wt% of portlandite Ca(OH)2
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the processed material, at ~ 100 to 50 μm, ~ 10 μm, and ~
1 μm [2, 4]. The interpretation of the PSD peaks is flawed by
the complex shape of the particles (Fig. 2), which is assumed
to be spherical in the optical model used by the size analyzer.
However, some general conclusions can still be drawn. The
peak in the range ~ 100 to 50μm is attributed to the fraction of
altered K-feldspar, which would be dominant in this size frac-
tion. At 220 °C and 230 °C, increasing t leads to a larger
population of 10-μm particles that by comparing XRD
(Fig. 1) and SEM (Fig. 2), can be attributed to aggregates of
C-S-H phases such as tobermorite. The small shoulder be-
tween ~ 0.1 and ~ 1 μm is constant across all processing

conditions (Fig. 3) and could be attributed to hydrogrossular
[2]. Complementary surface area measurements according to
the BET method are reported in the Supporting Information.

3.3 Elemental Leaching

Results from leaching experiments are reported in Fig. 4. The
limitations of such experiments are discussed elsewhere [2].
Additionally, in this study, ~ 17 wt% of the feed mixture was
constituted by an accessory mineral component from the sye-
nitic rock [4]. Given that the reactivity of such a component
was not resolved by XRD (Fig. 1), it may be a prominent

Fig. 2 Scanning electron
microscopy (SEM) micrographs
of a relatively pristine K-feldspar
(200 °C for 0.5 h) and b pitted K-
feldspar (230 °C for 3.0 h). c, d
Needle-like structure attributable
to tobermorite as observed at
200 °C and 200 °C for 2.0 h and
3.0 h, respectively. e, f Examples
of agglomerates of intertwined
tobermorite and amorphous com-
pounds formed at the surface of
K-feldspar particles at 230 °C for
2.0 h. XRD mineralogical com-
position of the samples imaged
here is given in Fig. 1

Fig. 3 Particle size distribution (PSD) of the samples of hydrothermal material processed at a 200 °C, b 220 °C, and c 230 °C for increasing processing
times t
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interference during leaching. As in our previous study, the pH
of the leaching solution was not buffered [2], to avoid the
formation of unwanted ion complexes or a chelating effect
that may alter the dissolution behavior of the mineral phases.
However, a limitation of such an approach is that the probed
elemental availability may be the result of leaching pH rather
than changes in the mineralogy of the material as a function of
the processing conditions (Fig. 5). The actual pH of the
leaching solution at 24 h (Fig. 5) is likely determined by the
elusive soluble component (either KOH or K2CO3 species)
that is present in the hydrothermal material although not de-
tected by XRD [2]. However, C-A-S-H phases also play a
role, as evidenced by comparison of XRD results (Fig. 1) with
pH data (Fig. 5), which show the expected trend of decreasing
pH with the decreasing molar ratio Ca:Si of the mineral phase
being leached [22–24]. For the batch processed at T = 200 °C
and t = 0.5 h, the actual leaching pH is ~ 12.6 due to the

Fig. 4 Elemental leaching as a function of processing temperature (T) and
time (t). Leaching conditions: batch test under rotation, 24 h, mS:mL =
1:10. HNO3 at nominal initial pH = 5 and final leaching pH as shown in

Fig. 5. All values (ppm) refer to themg of element analyzed in solution by
ICP-MS per kg of solid material. PSD and BET-SSA were different for
each of the batches (Fig. 3; Supporting Information)

Fig. 5 Overview of pH values of the leaching solution after 24 h in
contact with the hydrothermal material processed at different T and t.
The x-axis is the processing time t
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presence of portlandite (Fig. 1). For the same T = 200 °C, by
increasing t, the pH value plateaus to ~ 12.3, as dictated by the
dissolution of α-C2S during leaching. This behavior is con-
firmed in batches processed at higher T, which show again the
same pH of ~ 12.3 as long as α-C2S is present in the hydro-
thermal material. If processing is carried out for a sufficiently
long time to allow the transformation of α-C2S into
tobermorite, the leaching pH decreases to a value of ~ 12
[22–24].

The availability of K is substantially unchanged across all
sets of processing conditions (Fig. 4). An exception is the
batch processed at 200 °C for 0.5 h, where the availability is
significantly lower than that in other batches because not all of
the Ca(OH)2 has reacted (Fig. 1). If such batch is excluded, the
average availability corresponds to 10,683 ± 433 ppm of K in
the solid material. If the focus is on K availability, processing
can be considered accomplished within 1 h. From that point
onwards, the dominant observation is the transformation of
mineral phases such as α-C2S transitioning to 11 Å
tobermorite. At 230 °C, the conversion of K-feldspar was
higher than 220 °C or 200 °C. However, this did not corre-
spond to an increase in K leaching. As an example, even when
altered K-feldspar constituted only 32.3 wt% of the hydrother-
mal material (230 °C for 1.5 h; Fig. 1), the K detected in the
leaching experiment did not increase above the average. We
consider some possible hypotheses to justify this behavior.
The first hypothesis is that some of the K liberated during
processing of K-feldspar is progressively incorporated in the
C-A-S-H system, from which K would be released at a slow
rate, making it less available during the 24-h leaching. Point
concentration analysis with EPMA did not permit identifying
clear trends but showed that both the amorphous and
tobermorite did incorporate K, up to 10 wt% in some cases
(Supporting Information EPMA). A complete digestion of the
C-A-S-H, C-S-H, and amorphous phases was used to confirm
an increasing K incorporation in such phases with increasing
T (Figure S5 and Table S1), although not enough to justify
XRD results. The second hypothesis is that XRD results are
largely flawed by sampling, a high degree of material inho-
mogeneity that includes large disparity in particle sizes
(Fig. 3) and coating of K-feldspar particles with C-A-S-H
phases (Fig. 2; Supporting Figure S1) [2]. Additionally, al-
tered K-feldspar although retaining a degree of crystallinity
may be a disordered structure that would be detected by
XRD in the “amorphous” fraction, further to the amorphous
C-A-S-H or C-S-H. The K in this altered K would still be
largely unavailable at the timescale of the leaching experi-
ment, despite an increasingly disordered and altered structure.
This hypothesis is partially supported by the fact that a truly
higher conversion of K-feldspar should correspond to an in-
creased formation of hydrogrossular given that neither the
amount of Ca nor Si should be limiting in the processing of
hydrothermal fluid. Experimentally, hydrogrossular is shown

to be approximately constant (Fig. 1). The third hypothesis is
that the change in mineralogical composition detected by
XRD is strongly biased by changes in the actual mass of
material, which may change with processing conditions. If
the mineral phases crystallize with and/or absorb at their sur-
face a significant amount of water, the amorphous component
would be overestimated. Although it may seem unrealistic that
the material may contain up to 10 wt% of water, this hypoth-
esis cannot be completely ruled out because previous batches
processed at 200 °C have shown 5% weight loss on ignition
[2]. All hypotheses may occur concurrently.

Ca is shown to be insensitive to both T and t, other than for
the 200 °C, t = 0.5 h sample (Fig. 4) that contains portlandite
(Fig. 1). The Ca that is available is only a small portion of the
total Ca in the material.

Lastly, both Al and Si exhibit a pattern of difficult interpre-
tation (Fig. 4). Al availability seems to be slightly higher at
230 °C than at lower T (Fig. 4), which may be due to the likely
increased conversion of K-feldspar. For Si, the batches proc-
essed at 200 °C and 220 °C show a similar trend with respect
to each other, with an increasing availability for increasing t
up to 2 h, followed by a decrease for longer t. At 230 °C, the
availability decreased by increasing t. Analytical error is sig-
nificant for Si due to difficult determination with ICP-MS
under the present experimental protocol.

Overall, key findings of the study are that for the given
molar ratio Ca:Si = 0.3 in the initial feed, higher T and longer
t lead to a higher conversion of K-feldspar and favor the for-
mation in the final dried material of the cation exchanger 11 Å
tobermorite with respect to that of metastable α-dicalcium
silicate hydrate [15, 19, 25]. Despite an increased conversion
of K-feldspar, the leaching of K observed is substantially un-
changed across all processing conditions. However, to pro-
vide a more comprehensive interpretation of the entire dataset,
a Spearman’s rank correlation coefficient analysis was per-
formed (Supporting Information). Correlations coefficients
summarize the trends highlighted in the preceding paragraph.
There is a significant correlation between the amount of K-
feldspar and α-C2S, which is the reflection of the formation of
α-C2S during the early stage of processing, when only a par-
tial conversion of K-feldspar has occurred. This is also
reflected in higher leaching pH. Conversely, K-feldspar is
strongly anti-correlated to the tobermorite and amorphous
content, which appear in the hydrothermal material at a more
advanced conversion stage. The leaching of Ca and Al, which
is very small with respect to the total content of these elements
in the source material, does not appear to be correlated to any
parameters. The leaching of Si is weakly, but statistically sig-
nificantly, correlated to the amount of amorphous. It is dem-
onstrated that several properties of the material can be tuned
by modifying the underlining processing parameters. The
amount of processed material was ~ 1 kg per batch as opposed
to previous results (~ 25 g) [2]. Therefore, XRD and leaching
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data demonstrate that the present process can be scaled to an
output suitable for greenhouse or pot tests without
compromising the key properties observed in smaller batches.

4 Conclusions

Hydrothermal processing of K-feldspar rock (ultrapotassic sy-
enite) under alkaline conditions in autoclave generates a K-
bearing material that is a potential source of K for agriculture.
In this work, we investigated how processing temperature (T)
and processing time (t) changed the C-A-S-H mineralogy of
the hydrothermal material and its elemental leaching, given a
molar ratio Ca:Si of 0.3 in the initial feed mixture.
Additionally, we demonstrate that the process can produce
kilograms of hydrothermal material. Increasing T and t in-
creases the conversion of K-feldspar as detected by XRD
and increases the fraction of tobermorite in the material, at
the expense ofα-dicalcium silicate hydrate (α-C2S). The frac-
tion of amorphous component increases by increasing T.
Increasing T increased the K incorporated in C-A-S-H phases,
although K leaching from the material was relatively constant
across all T and t. Conversely, leaching of Al, Si, Ca (to an
extent), and pH changes as a function of the processing con-
ditions. The amount of Ca available in the leaching experi-
ment and the pH are correlated with the amount of α-C2S in
the processed material. It is demonstrated that the mineralogy
and pH properties of such a material can be modified through
chosen processing conditions, which suggests the opportunity
to adjust alkalinity and release of selected elements such as Si
to meet specific soil requirements. Because the mineralogy
and chemistry of the hydrothermal material underlie its poten-
tial fertilizer value, the data presented in this work allow for
detailed agronomic and techno-economic analyses in the
future.
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