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Abstract: We have developed a convenient route to transform biomass power plant ashes (BPPA) into
porous sponge-like fertilizer composites. The absence of water prevents the chemical reaction and
carbon dioxide formation when concentrated sulfuric acid is mixed with BPPA and CaCO3. Adding
water, however, initiates the protonation reaction of carbonate ion content and starts CO2 evolution.
The key element of the method was that the BPPA and, optionally, CaCO3 and/or CaSO4·0.5H2O
were mixed with concentrated sulfuric acid to make a paste-like consistency. No gas evolution
occurred at this stage; however, with the subsequent and controlled addition of water, CO2 gas
evolved and was released through the channels developed in the pastry-like material due to the
internal gas pressure, but without foaming. Using a screw-containing tube reactor, the water can be
introduced under pressure. Due to the pressure, the pores in the pastry-like material became smaller,
and consequently, the mechanical strength of the granulated and solidified mixture became higher
than that of the reaction products prepared under atmospheric pressure. The main reaction products
were syngenite (K2Ca(SO4)2·H2O) and polyhalite (K2Ca2Mg(SO4)4·2H2O). These compounds are
valuable fertilizer components in themselves, but the material’s porous nature helps absorb solutions
of microelement fertilizers. Surprisingly, concentrated ammonium nitrate solutions transform the
syngenite content of the porous fertilizer into ammonium calcium sulfate ((NH4)2Ca(SO4)2·2H2O,
koktaite). Koktaite is slightly soluble in water, thus the amount of ammonium ion released on the
dissolution of koktaite depends on the amount of available water. Accordingly, ammonium ion
release for plants can be increased with rain or irrigation, and koktaite is undissolved and does not
decompose in drought situations. The pores (holes) of this sponge-like fertilizer product can be
filled with different solutions containing other fertilizer components (phosphates, zinc, etc.) to adjust
the composition of the requested fertilizer compositions for particular soils and plant production.
The method allows the preparation of ammonium nitrate composite fertilizers containing metallic
microelements, and various solid sponge-like composite materials with adjusted amounts of slowly
releasing fertilizer components like syngenite and koktaite.

Keywords: composite fertilizer; biomass power plant ash; concentrated sulfuric acid; ammonium
nitrate; porosity

1. Introduction

The growing demand for energy, in conjunction with depleting mineral energy re-
sources and the need to limit undesirable environmental changes, stimulates interest in
energy production from renewable sources [1–7]. The most typical renewable energy
source is agricultural biomass, but increasing the effectiveness of biomass production and
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harvesting as much as possible from a given agricultural area requires intensive fertiliza-
tion [2,3,8–11]. The combustion of biomass in power plants—mainly agricultural wastes
such as straw and willow wood—results in a high quantity of biomass ash (BPPA), which
is generally stored in dumps localized around the biomass power plants [4,12–23]. The fine
powdery and alkaline BPPA contains all the plant nutrients such as potassium, phospho-
rus, and microelements absorbed by the biomass during the vegetation periods from the
soil (except nitrogen, which decomposes into gaseous oxidation products during combus-
tion) [8,19,24–30]. Since the soil can easily be exhausted of these components, especially
during intensive agricultural activity, it is an old challenge to convert the biomass power
plant ashes that formed during the combustion of agricultural wastes from an agricultural
area into fertilizer [19,24–27,29–32]. The amount of nutrients (except nitrogen) missing from
the soil after harvesting the biomass is practically identical to the non-volatile element con-
tent in the biomass power plant ashes [2,8]. BPPA is alkaline in nature due to its potassium
carbonate content and the low availability rate of phosphorus and other compounds, which
form during the combustion and are insoluble in water and weak acids in the soil. The acid
treatment of these ash components can neutralize and digest the alkaline and insoluble
compounds, respectively, and transform them into soluble compounds. Using nitric or
sulfuric acid resulted in nitrate and sulfate compounds, important fertilizer components
for plants. The main challenge of these technologies is the evolution of large amounts (up
to 100–150 m3/ton of processed ash) of carbon dioxide, which makes an acidic foam and
produces a large volume of diluted fertilizer solution. The evaporation of the solution is not
feasible. In order to neutralize a thousand tons of biomass power plants, it is not economical
to build enormously large stainless steel reactors, which are resistant to the starting alkaline
and the final acidic pH of the reaction mixture. Thus, a new solution must be developed to
neutralize BPPA without the disadvantages mentioned above [19,25,28,33–36].

To solve the problem of acidic foaming, we developed a technology for the neutral-
ization of the biomass power plant ash (BPPA), which resulted in a porous granulated
composite material that contains slightly soluble syngenite (K2Ca(SO4)2·H2O) as one of
the main components [2,8,37,38]. The method ensures the formation of hardly soluble
potassium, ammonium, and sulfate ion-containing compounds. The pores of the compos-
ites formed can be filled with various micro- and macroelements-containing components,
particularly special fertilizer components such as zinc for corn or sulfur for rapeseed pro-
duction [8–10]. In this paper, we show the base of the special neutralization technology and
the main properties, including the pore content and chemical phase compositions, of the
new composite fertilizers prepared from BPPA.

2. Materials and Methods

The biomass power plant ashes, a product of willow wood combustion, were col-
lected from the ash dump of the Biomass Power Plant of Kazincbarcika, Hungary. Chem-
ical purity—98% sulfuric acid, calcium carbonate, ammonium nitrate, ammonium chlo-
ride, urea, potassium chloride, potassium dihydrogen phosphate, and calcium sulfate
hemihydrate—were supplied by Deuton-X Ltd., Érd, Hungary.

Ammonium ion content was measured with potentiometry using a Radelkis (Budapest,
Hungary) potentiometer and an ammonium ion–selective electrode.

Powder XRD studies were performed using a Philips Bragg-Brentano parafocusing
goniometer (Amsterdam, The Netherlands). The main measurement parameters were the
following: Cu Kα radiation (1.5406/1.5444 Å), the 2θ range of 4–70◦, and the step size was
0.02◦ with 1 s interval time. The full profile technique determined the phase composition of
ash and fertilizer samples, which were expressed as oxides.

The morphology of the samples was examined using a Tescan Vega Compact (Tescan
Vega, Brno, Czech Republic) scanning electron microscope (SEM). The SEM images were
taken with a 15 kV accelerating voltage electron beam using a secondary detector at a
pressure of 10 mPa in the instrument’s chamber.
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The IR spectra of BPPA and the as-prepared and dried composites were recorded in
an Attenuated Total Reflectance mode (ATR) with 16 scans acquired with a resolution of
4 cm−1 on a Bruker Alpha FT-IR (Bruker, Ettingen, Germany) instrument.

A sample of wood ash (20 g) was mixed with 10 mL of water, and the well-mixed solid
was mixed with 1 mL of concentrated sulfuric acid. The mortar-like mass temperature
was self-heated until the boiling point of water with some vapor formation. The volume
increase of the ash–sulfuric acid mixture (swelling) was less than 50%. The sample was
dried at 120 ◦C when a 16.5 g porous product was formed. The pH of its aqueous extract
was 12, its density was 0.73 g/mL, and it absorbed 117% of water related to its weight.
In the same way, but by mixing 20% (4 g) calcium carbonate powder with the wood
ash, with the use of 1.5 mL of sulfuric acid, the product density was 0.37 g/mL, its water-
absorbing capacity was found to be 137%, and the pH of the aqueous extract was 12. Mixing
BPPA with 10% (4 g) calcium sulfate hemihydrate powder resulted in a product with
d = 0.54 g/mL, 127% water absorbing capacity, and the pH of the aqueous extract was
12. As in example (A), by mixing the ash with a given amount of calcium carbonate and
calcium sulfate hemihydrate and adding water/sulfuric acid to the BPPA powder, two
series of composite samples were prepared. Their synthesis conditions and properties are
given in Tables 1 and 2.

Table 1. Preparation and properties of the composite samples with 12 mL of water-diluted sulfuric
acid from 20 g of ash.

CaCO3 (g) CaSO4·5H2O (g) H2SO4 (g) Bulk Density,
g/mL

Mechanical
Strength

Water Absorption
Capacity, %

0 2 4 0.46 weak 118

0 2 8 0.87 weak 55

2 0 4 0.60 weak 99

2 0 8 0.68 weak 83

4 0 4 0.57 weak 93

4 0 8 0.78 Very weak 74

Table 2. Preparation and properties of the composite samples made with concentrated sulfuric acid
from 20 g of wood ash mixed with 12 mL of water.

CaCO3 (g) CaSO4·5H2O (g) H2SO4 (g) Density, g/mL Mechanical
Strength

Water Absorption
Capacity, %

0 2 8 0.87 medium 56

0 2 16 1.56 medium 27

2 0 16 0.60 strong 73

4 0 16 0.77 Very strong 61

In our pilot experiments, 5 kg of wood ash and 0.5 kg of calcium carbonate were mixed
with 5 kg of 50% aq. sulfuric acid, and the mixture was granulated in a rotating drum. This
resulted in a product with d = 0.8 g/mL, 110% water absorbing capacity, and a pH of 6 in
its aqueous extract.

The neutralized fertilizer granulate (100 g) was mixed with a concentrated ammonium
nitrate solution (100 g), and then the granulate was dried at 80 ◦C until constant weight.
The samples (1 g portions) were soaked separately in water (10, 20, 50, and 100 mL). The
solution samples were taken after 2 h and diluted for the measurement of ammonium ion
concentrations using an ammonium ion–selective electrode.
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A series of samples (100 g each) were mixed with 50 mL of saturated ammonium-*
nitrate solution and 50 mL solution of other ingredients, such as potassium dihydrogen
phosphate, [tetraamminezinc (II) sulfate], urea, or potassium chloride.

3. Results and Discussion
3.1. The Reaction between Sulfuric Acid and Biomass Power Plant Ash

The combustion of the willow wood in the biomass power plant furnaces resulted
in a BPPA, containing a large amount of potassium, mainly in carbonated form. The
composition of BPPA was determined and expressed as oxides as: CaO-9.4%; K2O-39.5%;
MgO-3.5%; Na2O-2.4%; SO3-9.2%; CO2-18.1%. Its chloride content is ~7.1%. The phase
relations in BPPA were determined by powder XRD (Figure 1). The main phases were
found to be K2Ca(CO3)2 (~40%), K2SO4 (20%), and KCl (~15%), which were accompanied
with K2CO3, Mg(OH)2, anhydrous, and heptahydrated Na2CO3 in an amount of ~5% each
(Figure 1).
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Figure 1. XRD of the biomass power plant ash (BPPA) made by the combustion of willow.

The most intense band at 1409 cm−1 belongs to the antisymmetric stretching mode of
carbonate ion (ESI Figure S1). Due to the presence of at least three carbonate compounds
(K2Ca(CO3)2, potassium, and sodium carbonates) and the splitting of the bands due to
structural distortions in the abovementioned carbonate compounds, only a shoulder was
assigned, and the band components could not be separated. The presence of carbonate
ion is confirmed by the appearance of π (CO3) mode at 876 cm−1 (ESI Figure S1) and the
antisymmetric C-O deformation mode (double degenerated) at 710 and 680 cm−1 [39,40].
The very intense νas mode of tetrahedral sulfate ions and silicates appear as weak bands
due to the limited amount of these components in the starting BPPA at 1120 cm−1 and
1047 cm−1, respectively. The antisymmetric deformation mode of sulfate ions with low
intensity could also be assigned at 620 cm−1.

BPPA is an excellent potassium source for fertilizer production because K2Ca(CO3)2
and the alkaline carbonates (sodium and potassium) are expected to be transformed into
water-soluble salts with acidic (sulfates with sulfuric acid) treatment. The evolution of
carbon dioxide gas cannot be avoided during the acidic neutralization of BPPA, but in-
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tensive foaming must be prevented. Since the 1 MW electric capacity produced by the
biomass power plants generates ca. ~0.5–1 ton of BPPA, the estimated amount of CO2 foam
formation is above 150–300 m3/h [2]. With our method, the carbon dioxide evolves within
a high-viscosity pastry-like material, not in a diluted solution, thus the bubbles released
cannot form foam due to the lack of a liquid phase. When the appropriate consistency of
the reactive mass is selected, the pasta-like mass swelled instead of foaming, resulting in
porous materials after solidification. Binders (e.g., calcium sulfate hemihydrate) or pore-
forming materials (CaCO3, whose neutralization with sulfuric acid results in a calcium
sulfate binder) were also tested in various amounts to make composite materials from
BPPA with various pore amounts (Tables 1 and 2).

The main challenge of the BPPA ash–sulfuric acid reaction is making a pastry-like
mass from BPPA, the neutralizing agent (sulfuric acid), and binder/pore-forming materials
(CaCO3/CaSO4) without intensive foaming. It is possible by adjusting the consistency of
the reaction mixture, which consists of BPPA, the appropriate amount of concentrated or
diluted sulfuric acid, and binding/pore-forming materials like CaCO3 and CaSO4·0.5H2O.
The evolved CO2 breaks a route to the surface, opening channels finished on the surface
of this pastry-like material. The release of carbon dioxide through these channels can
smoothly proceed without foam formation, and the inner holes that are connected to the
surface via these channels make an extensive open pore system in the bulk material. After
drying/solidification, the bulk density of the materials was below 1 g/mL, and due to
their high open pore content, their water-absorbing capacities (aqueous solution) varied
between 55% and 118%. The mechanical strength of these composites was low since they
are easily grindable.

Biomass power plant ash (BPPA) and other carbonates such as CaCO3 do not react
directly with concentrated sulfuric acid when mixed due to the lack of protic processes
without water [2]. Adding the appropriate amount of water results in the dilution of
sulfuric acid, which initiates carbonate ion protonation and carbonic acid formation and
subsequent decomposition with carbon dioxide evolution. In practice, it means that the dry
ash (and its mixture with CaCO3 and/or CaSO4·0.5H2O) can be mixed with concentrated
sulfuric acid, and this pastry-like mixture can be filled into a screw reactor without any
chemical reaction. The addition of water under pressure, however, initiates the reaction
between the liberated protons and carbonate ions, and CO2 evolution creates a large volume
of pores in the pastry-like mass.

At the open end of the screw reactor, the pressure is equalized to atmospheric pressure,
thus the gaseous components (CO2 and the evaporated H2O due to the reaction heat
and dilution heat of the sulfuric acid) located in the closed gas/steam pores break out
channels within the pastry-like material toward the surface and are released without
foaming (Figure 2). In this way, mechanically strong composite materials (Table 2) can be
produced, which may be granulated immediately at the end of the screw reactor before
solidification. Good mechanical strength may be attributed to the pressure used during
the synthesis because a lower volume of pores is formed than at atmospheric pressure.
Consequently, the number/size of open pores and water (liquid) absorbing capacities are
also lower than in the samples of the atmospheric pressure synthesis (Tables 1 and 2).
A screw reactor developed to neutralize BPPA with concentrated sulfuric acid with the
addition of water under pressure (to prevent foaming and swelling) is shown in Figure 2.

The depressurizing process at the end of the pipe reactor may be followed by granula-
tion drying or grinding, resulting in pore-containing composite materials [2,31]. Depending
on demands determined by the soil and plant, these pores can be filled with various liquids,
e.g., acids, bases, fertilizer solutions, microelement-containing solutions, and others.
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3.2. The Phase Composition of the Biomass Power Plant Ash and Sulfuric Acid Reaction Product
and Its Transformations with Concentrated Ammonium Nitrate Solutions

The K2Ca(CO3)2 content of the biomass power plant ash (BPPA) readily reacts with di-
luted H2SO4, but not the expected K2SO4 and CaSO4 but their double salts, K2Ca(SO4)2·H2O
(syngenite) [37,38], and due to the presence of Mg(OH)2, K2Ca2Mg(SO4)4·2H2O (polyhalite)
was formed (Figure 3).

K2Ca(CO3)2 + 2H2SO4 =K2Ca(SO4)2·H2O + H2O +2CO2

The reaction heat evaporated a part of the water, forming a pre-dried mass (Figure 3).
The reaction mixture called porous base fertilizer (PBF) consisted of syngenite (~30%),
polyhalite (~55%), and potassium chloride (~5%). The concentrated sulfuric acid reacted
with potassium chloride and magnesium hydroxide with hydrochloric acid and magnesium
sulfate formation, which immediately reacted with potassium (sodium) carbonates and
potassium sulfate/calcium sulfate with K(Na)Cl and polyhalite formation, respectively.
The aqueous extract of PBF is acidic, the composition is offered for basic soils. However,
the excess sulfuric acid content of the pre-dried PBF sample can easily be neutralized by
adding further calcium carbonate powder before final drying and granulation. This reaction
led to the decomposition of polyhalite, and the resulting composite Ca-PBF consisting of
~30% syngenite, 10% potassium sulfate, 5% KCl, and 50% calcium carbonate, the pH of its
aqueous extract is 6. The product can be granulated in its semi-dry form with conventional
technology [8,31].

The IR spectra of a sulfuric acid-treated and calcium carbonate neutralized composite
sample can be seen in Figure 4(b). According to the phase analysis results, the residual
carbonate bands (CaCO3 was used in excess to neutralize the excess of sulfuric acid)
appear with low intensity at 1400 and 874 cm−1. The carbonate compounds of ash were
transformed into sulfate compounds, gypsum, syngenite, and polyhalite. The presence of
syngenite and polyhalite could be assigned by the appearance of the antisymmetric S-O
deformation bands of syngenite (F2) at 655 and 645 cm−1 and at 618 cm−1 as a shoulder,
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respectively. The symmetric S-O deformation mode at 639 cm−1 might belong to both
syngenite and polyhalite, and there is no presence in the spectra of gypsum [41]. The
symmetric stretching mode at 982 cm−1 is a characteristic for gypsum, whereas the other
weak peak at 1000 cm−1 belongs to the symmetric S-O stretching mode of polyhalite. The
symmetric/antisymmetric O-H bands of water in the hydrated compounds appear at 3300
and 3380 cm−1, and the scissoring mode at 1630 cm−1 and 1680 cm−1, which show that
various hydrated phases are present.
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The large number of open pores in PBF and Ca-PBF can absorb water (or aqueous
solutions) like a sponge and keep it in their pores (holes), increasing the water-retaining
capacity of the soil. The morphology of a dried sample can be seen in Figure 5.
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Figure 5. The morphology of a sulfuric acid-treated and CaCO3-neutralized BPPS sample.

The composite consists of crystalline plates, which make hole-like pores. These pores
are big holes in reality, which can give some “sponge property” for the sample, but the
crystalline nature of components does not leave to evolve large surface volume micro or
mesopores. Thus, these materials are more rather absorbent than adsorbents. Therefore,
the BET surface area measurements were neglected because the surface area change of
BPPA samples (10–1000 m2/g) [42] may be attributed to the presence and amount of
accompanying carbon-like phases.

An environmental protection aspect is that no liquid or solid wastes form at all; all
the components used are built into the product. Due to the porosity (50–120%) of PBF and
Ca-PBF granulates, not only water but other aqueous solutions—like fertilizer solutions
or intermittent products of fertilizer production (e.g., concentrated ammonium nitrate
solution from the neutralization process of nitric acid with ammonia [9,43–45])—can also
be absorbed in these pores.

It opens an excellent new perspective, namely absorbing different kinds of nitrogen
compounds or other fertilizers, including microelements such as zinc, insecticides, or any
compounds that are preferred to be injected into the soils. The most common nitrogen
fertilizer is solid ammonium nitrate prepared by melt-prilling; however, it is not possible
to add zinc or other metal oxides into the melted ammonium nitrate due to the risk of
explosion. Our method of preparing BPPA-based porous fertilizer and ammonium nitrate
solutions allows us to incorporate other metal compounds (salts) into the ammonium
nitrate solutions in the required ratio without risk.

Ammonium nitrate solution is prepared in an exothermic reaction of ~65% nitric
acid with ammonia gas when a concentrated aqueous solution of NH4NO3 forms [43–45].
Evaporation of this solution at high temperatures leads to the melting of ammonium nitrate,
which is prilled in the next manufacturing step. Contacting concentrated NH4NO3 solution
from N-fertilizer production with the PBF prepared in the reaction of sulfuric acid and
CaCO3/CaSO4 with BPPA resulted in a new nitrogen-containing porous composite granu-
late (NPG). The residual water content of NH4NO3 solution from N-fertilizer production
absorbed by PBF can be removed from NPG without melting and prilling of NH4NO3
content. It means that metal compounds (e.g., zinc salts for specific corn fertilizers) [19],
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which catalyze the decomposition of ammonium nitrate in the melt (explosion) and, due to
this, must not be used in the conventional prilling technology, can be used in our method
as additives in NPG production without any risk.

The powder XRD of the solid product (NPG) made by absorbing concentrated NH4NO3
solution onto the Ca-PBF showed that the concentrated NH4NO3 solutions not only fill
the pores of the granules and form NPG but react with some components of Ca-PBF, e.g.,
syngenite forms ammonium calcium sulfate (koktaite, (NH4)2Ca(SO4)·2H2O) [46,47]. Kok-
taite is a slow-releasing fertilizer compound [11,48–51], or because of the similar size of the
potassium and ammonium ions, the mixed solution of potassium and ammonium nitrate
was also formed.

The reaction of the ash–sulfuric acid reaction product and concentrated aq. ammo-
nium nitrate solution at room temperature resulted in a wet solid (NPG), which was dried
and studied by powder XRD (Figure 3). The powder XRD showed that a part of syn-
genite is reacted with ammonium nitrate and transformed into koktaite, and KNO3 or
K0.27(NH4)0.73NO3 formed as a by-product.

K2Ca(SO4)2·H2O + 2NH4NO3 = (NH4)2Ca(SO4)2·H2O + 2KNO3

The IR spectrum of the composite sample made from the sulfuric acid treated and cal-
cium carbonate neutralized BPPA shows some obvious differences compared to the sample
without absorption of ammonium nitrate. First of all, the symmetric and antisymmetric
N-H stretching modes appear at around 3000 and 3200 cm−1, which shows that at least
two different ammonium ion-containing materials are present in the sample. These are
koktaite and ammonium nitrate (potassium ammonium nitrate solid solution according to
the PXRD results). The presence of ammonium ions is also confirmed by the appearance
of overtone bands in the region of ~2800 cm−1 [52]. The symmetric and antisymmetric
N-H deformation bands appear at 1619 cm−1 and 1404 cm−1, respectively. The strong
band at 1310 cm−1 belongs to νas (N-O) in nitrates, and the new band at 827 cm−1 belongs
to π (NO3)). The two new bands at 673 cm−1 and 714 cm−1 might belong to two kinds
of nitrate ions (δas (N-O)), which might be in hydrogen-bound (ammonium nitrate) and
non-hydrogen bound (potassium nitrate) environments, respectively.

The shape of the νas (S-O) bands of sulfate ion changed due to the koktaite formation
from syngenite. Five components of the sulfate band can be identified, so at least two kinds
of sulfate compounds (two coinciding triplet (F2) bands might result in less than six bands)
were present in the sample. The transformation of BPPA into syngenite and polyhalite-
containing composites, then this composite into ammonium nitrate/koktaite-containing
composites, is shown in Figure 4. The morphology of the ammonium nitrate solution-
treated sample prepared from BPPA with sulfuric acid/calcium carbonate treatment is
given in Figure 6.

The SEM picture shows that the studied material has a crystalline nature, and the
shape of the crystals is plate-like. The reaction between the ammonium nitrate solution
probably a solid–liquid reaction (syngenite/ammonium nitrate solution, a kind of ion
exchange), when the surface layer of the potassium calcium sulfate crystals is reacted and
enriched in (ammonium) nitrogen.

The koktaite and syngenite are sparingly soluble in water. Thus, the ammonium
ion released from syngenite in the presence of water depends on the amount of water
that dissolves the koktaite and the dissolved calcium and sulfate concentrations. The
gradual dissolution of ammonium ions was measured with a potentiometric method using
ammonium ion selective electrodes, and the ammonium ion dissolution was found to be
proportional to the amount of water added to the same amount of fertilizer (Figure 7). It
shows the possibility of preparing fertilizer formulations having rain-controlled ammonium
ion release. If the total amount of the ammonium ions are liberated, the decomposition by
soil bacteria starts even in dry conditions when the plants can absorb that only partially. In
rainy conditions, when the plants can absorb water and ammonium ions, the ammonium
ion can mainly be utilized by the plant because when the plant absorbs the ammonium
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ion from the soil, a part of the solid koktaite is dissolved and supplies a new portion of
ammonium ion for the plants.
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unt (rain or irrigation).

Since the equilibrium ammonium ion concentration is closely constant due to the
solubility product of koktaite, the amount of water (rain or irrigation) can control the
amount of the released ammonium ion. During a drought period, when there is a lack of
water, the plants cannot absorb ammonium ions from the soil, no koktaite is dissolved,
and no ammonium ions are released, which would be decomposed by soil bacteria. Other
ammonium salts, potassium dihydrogen phosphate, and urea as fertilizers were also tested.
These materials can be taken up as solutions without important alteration of the syngenite
and other components of PBF composites.

The acidic treatment of BPPA ensures a complete digestion of ash components into
their water-soluble forms. The formation of syngenite and that subsequent reaction with
an ammonium nitrate result in slow-releasing and watering-controlled ammonium ion-
releasing composite fertilizers. Other additives, such as microelement components, can
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also be added to the NPG fertilizer without the risk of explosion. These fertilizers are
essential in reaching high yields of plants for combustion with fast metabolisms, such as
sweet sorghum/corn stalk, willow, or energy grass. The sulfur deficiency of the soils for
extreme sulfur-demanding plants such as rape can also be satisfied [10].

4. Conclusions

1. The biomass power plant ash, which contained mainly carbonate components, was
mixed with concentrated sulfuric acid without any chemical reaction. The protonation-
driven carbonic acid evolution was available by controlled adding of water, optionally
under pressure, to form a paste-like consistency material containing carbon dioxide
bubbles without foam formation. The dwelled paste-like material releases carbon
dioxide during drying or depressurizing when a strongly porous solid material
is formed.

2. The reaction products of ash and sulfuric acid in the reaction route described in point
1 were mainly syngenite and polyhalite. These are valuable, slow-releasing, slightly
soluble fertilizer materials. The phase identities were assigned by IR and PXRD, and
SEM results of the product were also given.

3. The sponge-like solid composites formed in the reaction route described in point 1
may be reacted with concentrated ammonium nitrate solution (a cheap intermediate
of crystalline ammonium nitrate fertilizer production), which ensures a safe possibility
of adding various metal-containing additives, which cannot be performed in the usual
ammonium nitrate melt technologies.

4. The ammonium nitrate solution reacts with the syngenite content of the composite
prepared in the reaction route described in point 1 when ammonium calcium sulfate
was formed, which is an excellent slow-releasing ammonium-ion source for soils. It
is slightly soluble, so the water content (irrigation, rain) controls its dissolution. The
reaction is probably a solid–liquid interaction when the solid syngenite acts as an ion
exchanger, and a surface ammonium ion-enriched koktaite formation was found. The
phase identities were also assigned by IR and PXRD, and SEM results of the product
were also given.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcs8090336/s1, ESI Figure S1: IR spectra of BPPA (a), sulfuric acid-
treated/calcium carbonate neutralized (b) and ammonium nitrate solution absorbed (c) composites.
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36. Zając, G.; Szyszlak-Bargłowicz, J.; Gołębiowski, W.; Szczepanik, M. Chemical Characteristics of Biomass Ashes. Energies 2018, 11,
2885. [CrossRef]

37. Kloprogge, J.T.; Ding, Z.; Martens, W.N.; Schuiling, R.D.; Duong, L.V.; Frost, R.L. Thermal Decomposition of Syngenite,
K2Ca(SO4)2·H2O. Thermochim. Acta 2004, 417, 143–155. [CrossRef]

38. Kloprogge, J.T.; Schuiling, R.D.; Ding, Z.; Hickey, L.; Wharton, D.; Frost, R.L. Vibrational Spectroscopic Study of Syngenite
Formed during the Treatment of Liquid Manure with Sulphuric Acid. Vib. Spectrosc. 2002, 28, 209–221. [CrossRef]

39. Gorbounov, M.; Petrovic, B.; Ozmen, S.; Clough, P.; Masoudi Soltani, S. Activated Carbon Derived from Biomass Combustion
Bottom Ash as Solid Sorbent for CO2 Adsorption. Chem. Eng. Res. Des. 2023, 194, 325–343. [CrossRef]

40. Gorbounov, M.; Hecquet-Perrot, L.; Ignatova, S.; Hewitson, P.; Soltani, S.M. Acidic Surface Chemical Modification of Biomass
Combustion Ash-Derived Activated Carbon for CO2 Adsorption. Next Mater. 2025, 6, 100321. [CrossRef]

41. Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Compounds: Part A: Theory and Applications in Inorganic
Chemistry, 1st ed.; Wiley: Hoboken, NJ, USA, 2008; ISBN 978-0-471-74339-2.

42. Grau, F.; Choo, H.; Hu, J.; Jung, J. Engineering Behavior and Characteristics of Wood Ash and Sugarcane Bagasse Ash. Materials
2015, 8, 6962–6977. [CrossRef]

43. Gezerman, A.O. Mathematical Modeling for Prilling Processes in Ammonium Nitrate Production. Eng. Rep. 2020, 2, e12173.
[CrossRef]

44. Kirova-Yordanova, Z. Exergy-Based Estimation and Comparison of Urea and Ammonium Nitrate Production Efficiency and
Environmental Impact. Energy 2017, 140, 158–169. [CrossRef]

45. Maxwell, G.R. Ammonium Nitrate. In Synthetic Nitrogen Products; Kluwer Academic Publishers: Boston, MA, USA, 2005; pp.
251–265. ISBN 978-0-306-48225-0.

46. Bell, J.M.; Taber, W.C. The Solubility of Gypsum in Solutions of Ammonium Sulphate. J. Phys. Chem. 1906, 10, 119–122. [CrossRef]
47. Bell, J.M.; Taber, W.C. A Supposed Ammonium Syngenite. J. Phys. Chem. 1907, 11, 492–494. [CrossRef]
48. Coates, R.V.; Woodard, G.D. X-ray Powder Diffraction Data for Solid Solutions and Double Salts Occurring in Granular Compound

Fertilisers. J. Sci. Food. Agric. 1963, 14, 398–404. [CrossRef]
49. Lloyd, K.R.; Baker, J.; Lund, J.J. Methods of Microbially Producing Acids and Minerals and Uses Thereof. PCT International

Patent Application WO2017041028A1, 30 August 2018.
50. Vassilev, S.V.; Baxter, D.; Andersen, L.K.; Vassileva, C.G. An Overview of the Composition and Application of Biomass Ash. Part

1. Phase–Mineral and Chemical Composition and Classification. Fuel 2013, 105, 40–76. [CrossRef]
51. Walter, K.H.; Baird, R.J. A Coating Process for Fertilizers. Patent Application AU749213B2, 16 September 1999.
52. Kótai, L.; Argay, G.; Holly, S.; Keszler, Á.; Pukánszky, B.; Banerji, K.K. Study on the Existence of Hydrogen Bonds in Ammonium

Permanganate. Z. Anorg. Allg. Chem. 2001, 627, 114. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jclepro.2017.09.150
https://doi.org/10.3390/agronomy10040482
https://doi.org/10.1016/j.jece.2020.105021
https://doi.org/10.1016/j.fuel.2004.05.009
https://doi.org/10.3390/en11112885
https://doi.org/10.1016/j.tca.2003.12.001
https://doi.org/10.1016/S0924-2031(01)00139-4
https://doi.org/10.1016/j.cherd.2023.04.057
https://doi.org/10.1016/j.nxmate.2024.100321
https://doi.org/10.3390/ma8105353
https://doi.org/10.1002/eng2.12173
https://doi.org/10.1016/j.energy.2017.08.086
https://doi.org/10.1021/j150074a005
https://doi.org/10.1021/j150087a004
https://doi.org/10.1002/jsfa.2740140608
https://doi.org/10.1016/j.fuel.2012.09.041
https://doi.org/10.1002/1521-3749(200101)627:1%3C114::AID-ZAAC114%3E3.0.CO;2-Y

	Introduction 
	Materials and Methods 
	Results and Discussion 
	The Reaction between Sulfuric Acid and Biomass Power Plant Ash 
	The Phase Composition of the Biomass Power Plant Ash and Sulfuric Acid Reaction Product and Its Transformations with Concentrated Ammonium Nitrate Solutions 

	Conclusions 
	References

