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U radu je ispitana mogucnost valorizacije pepela suncokretove ljuske, nastalog kao nusproiz-
vod termickog tretmana biomase, u cilju delimicne supstitucije mineralnih sirovina u proizvodnji
NPK dubriva. Primarni cilj bio je razvoj formulacije kompleksnog granulisanog dubriva NPK
6:12:24 + 6% S koja zadrZava visok nutritivni kvalitet uz potpunu bezbednost po zdravlje ljudi i
zivotnu sredinu.

Sprovedena je detaljna fizicko-hemijska karakterizacija uzorka pepela, sa posebnim fokusom
na sadrzaj primarnih nutrijenata i teSkih metala. Laboratorijska granulacija varijanti sa dodatkom
30 kg/t 1 50 kg/t pepela realizovana je u Eirich granulatoru, uz primenu mineralnih kiselina i soli
koje se standardno koriste u procesu proizvodnje dubriva. Finalni proizvodi su podvrgnuti laborato-
rijskom testiranju, a bezbednost je proverena u skladu sa kriterijumima Uredbe (EU) 2019/1009.

Laboratorijske analize potvrdile su da je pepeo suncokreta izuzetno bogat kalijumom (48,33%
K20), pri cemu je preko 93% ovog elementa u vodorastvornom obliku. lako sam pepeo sadrzi povi-
Sene koncentracije nikla i Sestovalentnog hroma, rezultati ispitivanja finalnih dubriva pokazuju da
su vrednosti svih teskih metala visestruko nize od zakonski dozvoljenih granica, zahvaljujuci efektu
razblazivanja unutar normativa. Varijanta sa 50 kg/t pepela pokazala je najveci potencijal za supsti-
tuciju mineralnih soli, uz blago povecanje egzotermne reakcije tokom procesa granulacije.

Istrazivanje dokazuje da pepeo suncokretove ljuske predstavlja konkurentnu i ekoloski oprav-
danu alternativu tradicionalnim izvorima kalijuma. Implementacija ovog reSenja direktno doprinosi
principima cirkularne ekonomije, omogucavajuci povratak nutrijenata u zemljite i smanjenje depo-
novanja industrijskog otpada, uz punu uskladenost sa evropskom regulativom.
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The paper investigates the possibility of valorizing sunflower husk ash, generated as a bypro-
duct of thermal biomass treatment, for the partial substitution of mineral raw materials in NPK fer-
tilizer production. The primary objective was to develop a complex granulated fertilizer formulation,
NPK 6:12:24 + 6% S, which maintains high nutritional quality while ensuring complete safety for
human health and the environment.

A detailed physicochemical characterization of the ash sample was conducted, with a specific
focus on the content of primary nutrients and heavy metals. Laboratory granulation of variants with
the addition of 30 kg/t and 50 kg/t of ash was performed in an Eirich granulator, utilizing mineral
acids and salts standardly used in the fertilizer manufacturing process. Final products underwent
laboratory testing, and safety was verified according to the criteria of Regulation (EU) 2019/1009.

Laboratory analyses confirmed that sunflower ash is exceptionally rich in potassium (48.33%
K20), with over 93% of this element in water-soluble form. Although the raw ash contains elevated
concentrations of nickel and hexavalent chromium, the testing results of the final fertilizers show that
the values of all heavy metals are several times lower than the legally permitted limits, thanks to the
dilution effect within the formulation. The variant with 50 kg/t of ash demonstrated the highest po-
tential for mineral salt substitution, alongside a slight increase in the exothermic reaction during the
granulation process.

The research proves that sunflower husk ash represents a competitive and environmentally
justified alternative to traditional potassium sources. The implementation of this solution directly
contributes to the principles of circular economy, enabling the return of nutrients to the soil and
reducing the landfilling of industrial waste, while maintaining full compliance with European regu-
lations.

1. Introduction

The growth of the global population is associated with an increasing demand for food and na-
tural resources worldwide [1]. According to data from the United Nations, more than 430 million
tonnes of food waste are generated annually at the global level, while over 85 million tonnes are
produced within the European Union [2]. Food waste has been identified as a priority area in the
Waste Prevention Programme due to the substantial economic losses it causes, its significant potential
for prevention, and its high ranking on the international political agenda (Sustainable Development
Goals) [3]. In addition to social and ethical considerations, the issue of food surplus is also important
from an environmental protection perspective, as large amounts of natural resources are consumed
during food production, distribution, and storage.

According to available data, food waste generates approximately 8% of total greenhouse gas
emissions [3], thereby contributing to climate change. Consequently, the issue of sustainable food
waste management is of great importance from social, environmental, and economic perspectives.
Nevertheless, modern society continues to face significant challenges in fully achieving a circular
economy, which implies the development of efficient approaches for managing waste streams from
all industrial sectors, as well as from households.

The need for a transition towards a circular economic model is not driven solely by environ-
mental concerns—accelerated industrialization also leads to the gradual depletion of natural resources
[4,5]. Viewing waste materials as potential by-products and their subsequent valorization can contri-
bute to environmental protection while also increasing the availability of natural resources.
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2. Regulatory framework and strategic management
of waste streams

In contrast to agriculture, which predominantly generates biodegradable residues, waste from
various industrial sectors often exhibits characteristics of hazardous waste. Consequently, efforts in
many countries have primarily been directed toward the treatment and utilization of industrial waste,
while circular management of agricultural waste has so far been considerably less represented [6].
Among the commonly applied approaches for reducing the negative environmental impact of waste,
waste-to-energy processes, as well as improvements in composting, storage, and waste treatment
methods, stand out [7].

In combination with stricter waste management policies, these measures can lead to significant
positive outcomes; however, a key element is also raising awareness among producers and consumers
regarding the importance of sustainable development. An additional mechanism for encouraging
waste recycling and its transformation into valuable resources lies in the creation of economic benefits
derived from such processes [8].

The application of the concept of valorization of agricultural by-products and waste—such as
plant residues, animal waste, and other materials—enables their transformation into useful products.
This approach not only significantly reduces the amount of waste disposed of in landfills but also
facilitates the reintegration of organic and inorganic components into production cycles, in the form
of fertilizers, soil amendments, pigments, and other products [9,10].

Within the framework of the European Commission’s Circular Economy Action Plan, the revi-
sion of fertilizer regulations has been recognized as a key mechanism for stimulating the market for
secondary raw materials. With the adoption of Regulation (EU) 2019/1009 [11], European legislation
has significantly expanded its scope by integrating products derived from biogenic waste and other
secondary sources. This regulation not only establishes a level playing field for all types of fertilizers
but also actively promotes the use of recycled materials in agriculture.

In parallel with legislative changes, a technical report by a group of authors [12] has defined
frameworks for the safe production and placement on the market of fertilizers derived from waste.
This document sets strict criteria regarding permitted input materials and process conditions, quality
standards and quality management systems, as well as the assessment of impacts on food safety and
environmental protection.

At the national level, the quality of fertilizers in the Republic of Serbia is regulated by the Law
on Plant Nutrition Products and Soil Amendments [13]. The accompanying by-laws [14,15] are alig-
ned with the earlier European regulation EU 2003/2003, particularly in the domain of classification
and labeling of mineral fertilizers.

2.1. Potential of sunflower husk ash in fertilizer production

Historically, biomass ash represented a primary source of potassium carbonate as early as the
18th century, while records of the first patents for fertilizer production from ash date back to 1790.
Although the emergence of more economically accessible mineral sources temporarily displaced this
material, contemporary research has reaffirmed sunflower husk ash as a safe and cost-effective alter-
native for potassium extraction [16].

During the industrial processing of sunflower for the production of edible oil or biodiesel, sig-
nificant quantities of husks are generated. While these residues have traditionally been used as animal
feed or disposed of in landfills, their energy potential through pyrolysis and combustion is increa-
singly being recognized [17,18]. The implementation of a two-stage reuse approach—where the husk
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is first utilized as an energy source and the resulting ash subsequently as a raw material for fertili-
zers—offers a synergy between energy efficiency and environmentally sustainable agriculture.

Depending on the applied agrotechnical practices and sunflower cultivation conditions, ash
obtained from the combustion of husks may be rich in key elements such as potassium, calcium, and
magnesium, as well as certain microelements, including zinc, copper, and manganese [16,19-22].
Potassium carbonate, which can be extracted from plant ash, has long been used in agriculture as a
fast-acting fertilizer [23-28]. Previous studies confirm that ash derived from sunflower husk combu-
stion possesses exceptional value as a secondary raw material due to its specific mineral composition.
According to research conducted by Ninkov et al. [29], ash samples tested in accredited laboratories
exhibit a high content of water-soluble potassium, making this material a directly applicable source
of nutrients. Analyses further confirm that the heavy metal content in this type of ash is significantly
below the limit values prescribed by both national and European regulations, thereby eliminating the
risk of soil contamination [29].

Additionally, studies conducted at industrial facilities indicate that sunflower ash, in addition
to its primary potassium content, contains significant amounts of secondary nutrients such as calcium
and magnesium, as well as beneficial microelements [30]. Zgureva-Filipova et al. [30] emphasize
that, through the application of appropriate granulation technologies, this waste material can be
successfully transformed into a highly efficient biofertilizer. Such characterization confirms that
sunflower ash is not merely a by-product of energy processes, but a resource with substantial potential
to enhance the sustainability of agricultural production.

Table 1. Comparative Characteristics of Sunflower Husk Ash According to Different Authors

Parameter Unit [29] [30]
Moisture % 0.40-1.63 0.42-0.76
pH value - 11.0-12.6 12.0-12.1
Total P2Os % 4.90-1042 1.40-10.50
Total K-0 % 42.85-55.30 12.00 - 44.00

The aim of this study is to investigate the possibility of replacing conventional raw materials
that serve as carriers of the potassium component (potassium chloride or potassium sulfate) in com-
plex mineral fertilizers with ash obtained from the combustion of sunflower husks. The research fo-
cuses on the analysis of macro- and microelement content in the resulting fertilizers, as well as on
evaluating their compliance with current regulatory requirements regarding the safety and quality of
plant nutrition products.
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Figure 1. A two-stage approach to the reuse of sunflower processing waste

3. Materials and methods

For the purposes of this study, ash obtained from sunflower processing followed by subsequent
thermal treatment (combustion) of husks in an industrial facility located in the Republic of Serbia
was used.

The sample represents a mixture of ash collected from different filtration sections, thereby ensu-
ring the representativeness of the raw material under real industrial conditions, where logistical requ-
irements often necessitate the use of a unified material stream. Such a composite sample constitutes
a representative mixture that simulates the actual raw material available for fertilizer production. Prior
to its introduction into the granulation process, the ash was homogenized and prepared in accordance
with standard protocols for handling powdered materials.

The integration of such a novel raw material into the mineral fertilizer production process requ-
ires comprehensive physicochemical characterization in order to assess its compatibility with the se-
lected formulation. In this context, laboratory analyses serve as the primary screening criterion for
the acceptance or rejection of the raw material, while the accompanying documentation is systemati-
cally archived to ensure traceability and quality control.

In the case of a positive evaluation, the Development Laboratory proceeds with the preparation
of experimental samples, focusing on two critical parameters:

1. Physical properties: Granulation potential of the sample and the stability of the resulting

particles.

2. Chemical properties: Quantitative analysis of nutrient elements and control of heavy metal

concentrations.

The first phase of the study was focused on evaluating the tendency toward granulation. To
simulate the industrial process under controlled conditions, a laboratory granulator Eirich Type EL10
Profi Plus (Figure 2) was used.
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Figure 2. Eirich granulator

The procedure began with the homogenization of solid components, followed by the gradual
addition of liquid phases. Water was used as a technological modifier to initiate granule growth in
cases where spontaneous granulation was insufficiently pronounced. High moisture content of the
mixture was interpreted as an indicator of low granulation tendency or as a signal for the need to
adjust phase ratios, which is crucial for optimizing the stability of the final product.

In the experimental part of the study, a wide range of raw materials was used to evaluate the
substitution of conventional potassium carriers with sunflower ash:

— Mineral acids: phosphoric acid and sulfuric acid.

— Salts and mineral ores: ammonium sulfate, aluminum sulfate, SSP powder (Single Super-

phosphate), raw Egyptian phosphate (27% P20s), and potassium chloride (60% K-O).

— Secondary raw materials: ash obtained from the combustion of sunflower husks.

3.1. Definition of the Test Formulation and Analytical Methods

To evaluate the potential for integrating sunflower husk ash into the final product, an NPK
6:12:24 + 6% S formulation was selected. This formulation represents a complex mineral fertilizer
with a high potassium content, making it an ideal model for investigating the substitution of conven-
tional potassium sources (such as KCI or K>SO.) with the tested ash.

Different experimental variants of this formulation were designed based on the theoretical norm
(TRN.EZ.VAR.), which serves as a reference model for calculating the proportions of raw materials
and predicting the final nutrient content.

All physicochemical analyses of the prepared samples were carried out in the Testing Labora-
tory of the “Center for Applied Circular Economy Ltd.”, which is accredited in accordance with the
international standard ISO/IEC 17025.

Table 2 provides a systematic overview of the methods used for the characterization of samples
in the accredited laboratory [31]

Parameter Method designation
Total nitrogen (N) SRPS EN ISO 21663:2021
Ammonium nitrogen (N-NH.) SRPS EN 15475:2016
Amide nitrogen (N-NH-) SRPS H.B8.287:1983 (withdrawn)
Nitrate nitrogen (N-NOs) SRPS EN 15476:2016
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Parameter

Method designation

Total P.Os

VM 003"

P2Os soluble in formic acid

SRPS EN 15919:2011 / SRPS EN 15959:2024

P.Os soluble in NAC

VM 003!

P.Os soluble in citric acid

SRPS H.B8:292:1983 (withdrawn)

P.Os soluble in water

SRPS H.B8:290:1983 (withdrawn)

Total K-O

KO soluble in water

SRPS EN H.B.8.294:1986 (withdrawn)

Total organic carbon

SRPS EN 15936:2022 Method B

Fluorides (F°) VM 002
Chlorides (CI°) VM 033
pH (1% solution) VM 027

Moisture at 105°C

SRPS EN 12880:2007

Perchlorates

SRPS EN 17246:2020

Loss on ignition

SRPS EN 15935:2021

Free acidity

SRPS H.B8.295:1986

Silicon dioxide (SiO2)

VM 013

Total calcium (Ca)

Water-soluble calcium (Ca)

EPA 7000B:2007 / SRPS EN 16319:2016

Total magnesium (Mg)

Water-soluble magnesium (Mg)

SRPS EN 16197:2013 / SRPS EN 15960:2012

Total zinc (Zn)

EPA 6010C:2000 / EPA 3050B:1996

Total sulfur (S)

Water-soluble sulfur (S)

SRPS EN 15749:2022 Method A / SRPS EN 15960:2012

Total copper (Cu)

Total aluminum (Al)

Total boron (B)

EPA 6010C:2000 / EPA 3050B:1996

Total sodium (Na)

Water-soluble sodium (Na)

SRPS EN 16199:2013 / SRPS EN 15960:2012

Total iron (Fe)

Total manganese (Mn)

Total cobalt (Co)

EPA 6010C:2000 / EPA 3050B:1996

Arsenic (As)

Cadmium (Cd)

EPA 7061A:1992 / EPA 3050B:1996

Cd / P20Os

Calculated

Nickel (Ni)

Chromium (Cr)

EPA 6010C:2000 / EPA 3050B:1996

* Mineral fertilizers - determination of extracted phosphorus (spectrophotometry), edition 01 of 10.01.223. based on SRPS H.B8:290:1983 “with-
drawn” and SRPS H.B8:292:1983 “withdrawn”. Sample preparation is carried out according to standard methods SRPS EN 15919:2011, SRPS EN

15957:2012, SRPS EN 15956:2012
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Parameter Method designation
Hexavalent chromium (Cr¢") SRPS EN ISO 15192:2021
Mercury (Hg) EPA 6010C:2000 / EPA 3050B:1996
Lead (Pb)
Selenium (Se)
Wet sieving VM 062

4- Results and discussion

4.1. Characterization of the Investigated Sunflower Husk Ash

Figure 3 shows the physical appearance of the analyzed ash, characterized by a gray color and
a fine-grained structure.

Figure 3. Ash Obtained from the Combustion of Sunflower Husks

Based on the results of laboratory analyses, it was determined that the investigated ash
possesses a high content of active substances. A particularly significant parameter is the total potas-
sium content, expressed as K-O, which amounts to 48.33%, of which as much as 44.99% is water-
soluble. Such a high proportion of water-soluble potassium ensures high bioavailability of this ele-
ment for plants, which is of crucial importance for the quality of mineral fertilizers.

During the drying of the raw material to the required moisture level of <2%, the K-O content
proportionally increases to approximately 50.00%. These values position sunflower husk ash as a
competitive alternative to conventional potassium sources, considering that the K-O content in sta-
ndard potassium sulfate is around 50%.

The phosphorus content, expressed as P-Os, amounts to 7.58%. Although this value is lower
compared to primary phosphate raw materials, it is important to emphasize that nearly the entire
content is acid-soluble, while approximately 50% is water-soluble, which significantly contributes to
the overall agronomic value of the raw material. The recorded loss on ignition of 17.62% indicates
the presence of inorganic matter and incomplete combustion during thermal treatment, which is cha-
racteristic of raw materials of organic origin.
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Table 3. Complete Results of Laboratory Analysis of the Ash Sample

Parameter Unit | Content Parameter Unit | Content

Total nitrogen (N) % <0.5 Free acidity % <0.1
Ammonium nitrogen (N-NH.) % <1.0 Silicon dioxide (SiO2) % 3.11
Amide nitrogen (N-NH) % <1.0 Total calcium (Ca) % 2.33
Nitrate nitrogen (N-NOs) % <1.0 Water-soluble calcium (Ca) % 0.028
Total P2Os % 7.58 Total magnesium (Mg) % 2.1
P20:s soluble in formic acid % 7.06 Water-soluble magnesium (Mg) % 0.015
P05 soluble in NAC % 5.57 Total zinc (Zn) mg/kg |1129
P05 soluble in citric acid % 7.46 Total sulfur (S) % 4.32
P05 soluble in water % 3.51 Water-soluble sulfur (S) % 4.1
Total K-O % 48.33 Total copper (Cu) mg/kg |392
KO soluble in water % 44.99 Total aluminum (Al) mg/kg |1545
Total organic carbon % 1.78 Total boron (B) mg/kg [835.4
Fluorides (F") % <0.005 |Total sodium (Na) % 0.72
Chlorides (Cl") % 4.06 Water-soluble sodium (Na) % 0.5
Moisture (105°C) % 5.28 Total iron (Fe) % 0.21
Perchlorates mg/kg |<25 Total manganese (Mn) mg/kg [92.5
Loss on ignition % 17.62 Total cobalt (Co) mg/kg |3.44

The pH value is 10.95, indicating a strongly alkaline reaction. This parameter represents a tec-
hnological constraint regarding the maximum proportion of ash in the NPK 6:12:24 + 6% S formu-
lation, considering that the target pH of the final product ranges from 3.7 to 5.0. An increase in pH
above the critical threshold may lead to degradation of the granule structure, necessitating correction
through the addition of acids, which directly affects the formulation space available for other compo-
nents.

The results of heavy metal content analysis (Table 4) confirm that the raw material is fully
compliant with the requirements of European Regulation (EU) 2019/1009. Although a hexavalent
chromium (Cr¢") content of 2.69 mg/kg was detected, the expected incorporation level of ash in the
final product (3-5%) ensures that the chromium content in the fertilizer remains well below the pre-
scribed limit of 2 mg/kg.

A similar rationale applies to nickel (Ni). Although a value of 196.5 mg/kg was detected in the
ash itself, which exceeds the limit for the final product, the mass fraction of ash in the final mixture
ensures complete safety and compliance of the final fertilizer with European standards.

Table 5 presents the results of the particle size distribution analysis of the ash sample used for
the preparation of mixtures corresponding to the NPK 6:12:24 + 6% S formulation. Based on the
granulometric distribution (Table 5), it was determined that the raw material is predominantly char-
acterized by a powdered structure, which is technologically advantageous for its application in min-
eral fertilizer production. Such a structure enables efficient homogenization of components and sup-
ports an effective granulation process.



334

39" INTERNATIONAL CONGRESS ON PROCESS INDUSTRY

Table 4. Heavy Metal Content in the Investigated Sunflower Ash

Parameter Unit Value Limit value (EU 2019/1009)"

Arsenic (As) mg/kg 3.60 40
Cadmium (Cd) mg/kg 1.80 60
Cd / P2Os ratio mg/kg P20s 23.75 60
Nickel (Ni) mg/kg 196.5 100
Chromium (total Cr) mg/kg 7.18 -

Hexavalent chromium (Cr®") mg/kg 2.69 2.0
Mercury (Hg) mg/kg 0.089 1

Lead (Pb) mg/kg 10.86 120
Selenium (Se) mg/kg <1.0 -

Table 5. Results of Granulometric Composition

Analysis of the Investigated Ash

Particle size fraction Unit Value
Residue on sieve > 0.200 mm % 0.14
Residue on sieve > 0.160 mm % 0.20
Residue on sieve > 0.125 mm % 0.22
Residue on sieve > 0.090 mm % 0.20
Residue on sieve > 0.071 mm % 1.22
Residue on sieve > 0.063 mm % 0.28
Residue on sieve > 0.045 mm % 1.42
Residue on sieve > 0.032 mm % 0.82
Residue on sieve > 0.020 mm % 2.86
Residue on sieve < 0.020 mm % 92.64

4.2. Production of NPK 6:12:24 + 6% S Fertilizer

Based on the conducted investigations, it was determined that ash obtained from the combustion
of sunflower husks demonstrates high potential for application in the production of mineral fertilizers.
In accordance with the obtained results, formulations were developed with the addition of ash in
amounts of 30 kg (TRN.EZ.VAR.1) and 50 kg (TRN.EZ.VAR.2) per 1000 kg of product, while com-
parison was performed with a control sample without ash addition (PLN.EZ.VAR.0).

During the experimental phase, the behavior of the raw material during the reaction, the granu-
lation process, and gas evolution were carefully monitored. The formulation containing 30 kg of ash
did not exhibit vigorous reactions. During the mixing of liquid and solid raw materials, only minimal
gas release was observed. In contrast, the formulation containing 50 kg of ash showed a more prono-
unced exothermic reaction, accompanied by increased gas evolution (Figure 4) and heating of the

reaction vessel.

T *Limit values are defined for the final product (inorganic fertilizer with macronutrients).
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Figure 4. Gas Evolution as a Result of the Reaction Between Liquid and Solid Raw Materials
Using the Formulation with 50 kg of Ash

This phenomenon has a dual significance. On one hand, the elevated reaction temperature may
positively affect the reduction of additional energy requirements during the drying of the intermediate
product under process conditions. On the other hand, increased gas evolution may represent an addi-
tional load on the gas scrubbing system, requiring appropriate technological control and process opti-
mization.

During the preparation of NPK 6:12:24 + 6% S samples, no significant differences were obser-
ved in the granulation process between formulations with ash addition and those without it, confir-
ming the suitability of the investigated raw material for application in NPK fertilizer production.

TRN.EZ.VAR.2 - 50kg ~ PLN.EZ.VAR.O - Okg

)
3

TRN.EZ.VAR.1 - 30kg

g
A%

Figure 5. Granulation and Drying of NPK 6:12:24 + 6% S Samples (Before Sieving)

The addition of ash resulted in a lighter color of the product (Figure 6) compared to the formu-
lation without ash, representing a visible difference relative to the control sample.

TRN.EZ.VAR.1 - 30kg TRN.EZ.VAR.2 - 50kg PLN.EZ.VAR.O - Okg

Figure 6. Appearance of the Final Product (After Sieving)
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The results of the analysis of key parameters (Table 6) indicate system stability, suggesting that
the addition of the investigated raw material does not negatively affect the quality of the final product.
The total nitrogen (N) content ranges from 5.94 to 6.27%, with a slight decrease observed in samples
containing ash compared to the control sample. Considering that ash is not a source of nitrogen, this
effect can be attributed to dilution within the overall formulation.

For phosphorus, expressed as P-Os, minor differences were observed among the samples. The
total P-Os content is slightly lower in samples with ash addition, while soluble forms (in NAC and
water) show somewhat higher values in the sample containing 50 kg/t of ash, which may indicate a
favorable influence of the ash’s mineral composition on the solubility of phosphorus compounds.

The potassium content, expressed as K-O, shows a slight increase compared to the control
sample. The total KO content increased from 23.99% in the control sample to 24.75-24.85% in
samples with ash addition, while the water-soluble K-O fraction also shows a slight increase. This
result is expected, given that biomass ash, including sunflower husk ash, represents a significant
source of potassium.

An increase in calcium and magnesium content was also observed, both in total and water-
soluble forms, as a consequence of the mineral composition of the ash. This increase may have a
positive agronomic effect, as these elements contribute to improving soil chemical properties and
nutrient availability for plants.

For microelements (B, Zn, Cu, Co, Mn, and Fe), minor variations in concentration were obser-
ved; however, all values remain within the expected limits for this type of product. A notable increase
in boron and zinc content was observed, which may represent an additional agronomic benefit.

The chloride content is lower in samples with ash addition compared to the control sample,
which is favorable from the perspective of fertilizer quality and potential effects on chloride-sensitive
crops. Perchlorate and phosphonate levels are below detection limits or present at very low concen-
trations.

The pH value ranges from 5.63 to 6.08, indicating a slightly acidic reaction of the product, with
no significant changes observed due to ash addition. Moisture content in samples containing ash is
lower compared to the control sample, which may contribute to improved product stability during
storage.

Based on the obtained results, it can be concluded that the addition of sunflower husk ash in
amounts up to 50 kg/t does not compromise the declared nutritional composition of NPK fertilizers,
and may even contribute to an increase in certain macro- and microelements.

The results of heavy metal content analysis (Table 7) indicate that all obtained values are sig-
nificantly below the limit values prescribed by European Regulation (EU) 2019/1009 and the appli-
cable regulations of the Republic of Serbia, confirming the safety of the product with respect to the
presence of potentially toxic elements.

A positive effect of ash application is reflected in the reduced content of arsenic (As), cadmium
(Cd), chromium (Cr), and hexavalent chromium (Cr¢"), while a slight increase in nickel (Ni) and
mercury (Hg) content was observed compared to the control sample. These changes remain within
permissible limits and do not pose a risk to product quality or safety
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Table 6. Results of Basic Parameter Analysis of NPK 6:12:24 + 6% S
Products Obtained Using Ash

Parameter Unit | PLN.EZ.VAR.0 (Con- | TRN.EZ.VAR.1 (30 kg TRN.EZ.VAR.2 (50 kg
trol) ash) ash)

Total N % 6.27 5.94 6.05
N-NH4 (ammonium) % 6.27 5.94 6.05
Total P>Os % 12.68 12.21 12.25
P-0s soluble in formic a- | % 10.34 10.19 10.52
cid
P20s soluble in NAC % 9.17 8.76 9.38
P-0s soluble in water % 6.36 6.10 6.97
Total K-O % 23.99 24.75 24.85
KO soluble in water % 23.89 24.15 24.25
Chlorides (CI") % 17.73 15.75 15.81
Perchlorates (C1047) mg/kg | <25.0 <25.0 <25.0
Phosphonates (PHOs*) |% <0.1 <0.1 <0.1
Total Ca % 6.39 7.65 7.06
Total CaO % 8.95 10.71 9.88
Water-soluble Ca % 1.04 1.08 1.49
Water-soluble CaO % 1.46 1.54 2.13
Total Mg % 0.21 0.2181 0.2708
Total MgO % 0.29 0.3635 0.4513
Water-soluble Mg % 0.09 0.1483 0.2403
Water-soluble MgO % 0.15 0.2472 0.4005
Total S % 7.06 7.95 8.15
Total SOs % 17.65 19.88 20.37
Water-soluble S % 6.99 7.13 7.40
Water-soluble SOs % 17.47 17.82 18.50
Total B % 0.002 0.0034 0.0049
Total Zn % 0.009 0.012 0.015
Total Cu % <0.001 0.0018 0.0026
Total Co % <0.001 0.0002 0.0002
Total Mn % 0.03 0.0215 0.022
Total Fe % 0.65 0.58 0.56
Total Na % 0.50 0.34 0.36
Water-soluble Na % 0.29 0.25 0.25
pH - 5.88 6.08 5.63
Moisture (105°C) % 0.90 0.50 0.50
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Table 7. Comparative Overview of Heavy Metal Content in Fertilizer Samples
and Regulatory Limits

Parameter Unit PLN.EZ.VAR.O TRN.EZ.VAR.1 (30 | TRN.EZ.VAR.2 (50 | Limitvalue (EU
(Control) kg ash) kg ash) 2019/1009)

Arsenic (As) mg/kg 7.40 6.66 6.55 40
Cadmium (Cd) mg/kg 2.84 217 2.71 60
Cd / P20Os mg/kg 22.40 17.77 22.12 60
Total chromium | mg/kg 44.04 39.65 45.80 -
(Cr)
Hexavalent chro- | mg/kg 0.70 0.45 0.53 2.0
mium (Cr®")
Nickel (Ni) mg/kg 13.08 15.17 19.30 100
Lead (Pb) mg/kg <5.0 <5.0 <5.0 120
Mercury (Hg) mg/kg 0.028 0.062 0.060 1.0

The analysis of heavy metals in the final NPK 6:12:24 + 6% S product (Table 7) demonstrates
that the integration of ash at levels up to 50 kg per tonne (Variant TRN.EZ.VAR.2) is entirely safe.
It was observed that ash-containing variants even exhibit lower arsenic and cadmium content compa-
red to the control sample, indicating that sunflower ash may act as a “cleaner” component relative to
certain mineral raw materials.

Regarding the mercury (Hg) dynamics, a slight increase was observed in the ash-amended va-
riants, where the concentration rose from 0.028 mg/kg in the control sample (PLN.EZ.VAR.0) to
0.062 mg/kg and 0.060 mg/kg in the TRN.EZ.VAR.1 and TRN.EZ.VAR.2 variants, respectively.
This minor incremental rise is directly attributable to the baseline Hg concentration naturally present
in the raw sunflower husk ash (0.089 mg/kg, Table 4), which undergoes minor concentration within
the residual ash fraction during biomass combustion. However, despite this slight increase, the Hg
levels in all formulated fertilizer variants remain orders of magnitude below the strict threshold of 1.0
mg/kg established by Regulation (EU) 2019/1009, reinforcing that the incorporation of this circular
raw material satisfies all ecological and toxicological safety criteria.

Table 8 presents the granulometric composition of the samples after sieving. The results show
that the particle size distribution complies with the requirements of European regulations and the
applicable legislation of the Republic of Serbia.

Compared to the control sample, the distribution of granule sizes is very similar; however, an
increase in the fraction of granules in the 4-5 mm size range was observed, which can be considered
a positive effect. Theoretically, an ideal granulometric distribution would imply an even represen-
tation of granules in three fractions: 2-3 mm (33.33%), 3-4 mm (33.33%), and 4-5 mm (33.33%).
This parameter plays a significant role in optimizing the granulation process and achieving stable
physico-mechanical properties of the final product.
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Table 8. Results of Granulometric Composition Analysis of NPK 6:12:24 + 6% S Products

Granulometric fraction Unit PLN.EZ.VAR.O TRN.EZ.VAR.1 TRN.EZ.VAR.2
(Control) (30 kg ash) (50 kg ash)
Residue on sieve >5.60 mm % 0.00 0.00 0.00
Residue on sieve >5.00 mm % 0.49 0.36 0.44
Residue on sieve >4.00 mm % 11.24 17.78 18.68
Residue on sieve >3.00 mm % 38.97 29.26 27.34
Residue on sieve >2.00 mm % 45.27 47.78 46.86
Residue on sieve >1.80 mm % 3.11 3.82 4.26
Residue on sieve >1.18 mm % 0.86 0.82 1.90
Residue on sieve <1.18 mm % 0.06 0.18 0.52
5. Conclusion

This study confirmed that sunflower husk ash represents a high-quality secondary raw material
with a potassium content of 48.33% K-O, of which nearly 93% is in water-soluble form. The imple-
mentation of ash into the NPK 6:12:24 + 6% S formulation not only successfully replaced a portion
of conventional potassium components but also contributed to an increased content of secondary e-
lements such as calcium (Ca) and magnesium (Mg), as well as essential microelements, primarily
boron (B) and zinc (Zn).

The most significant result in terms of safety is the confirmation that the final product fully
complies with the requirements of Regulation (EU) 2019/1009. Although the raw ash contains eleva-
ted concentrations of nickel and hexavalent chromium, the dilution effect within the formulation (ash
content of 3-5%) ensures that the levels of these metals in the fertilizer remain well below the per-
mitted limits. Moreover, ash-containing variants exhibited lower levels of arsenic and cadmium com-
pared to the control sample, further supporting the environmental profile of this raw material.

Experimental granulation using the Eirich granulator demonstrated that the powder-like
structure of the ash (with more than 92% of particles smaller than 0.020 mm) enables excellent ho-
mogenization and the formation of stable, spherical granules. The variant with 30 kg/t
(TRN.EZ.VAR.1) exhibited a more stable process without vigorous chemical reactions, while the
variant with 50 kg/t (TRN.EZ.VAR.2) resulted in a more pronounced exothermic reaction accompa-
nied by gas evolution. In industrial conditions, this requires enhanced control of gas treatment systems
but may also reduce energy requirements for product drying.

This study demonstrates that the “waste-to-energy-to-fertilizer” principle can be successfully
implemented in a real industrial context. The use of ash as a by-product of the energy utilization of
sunflower husks directly reduces landfill pressure and dependence on imported mineral raw materials,
thereby closing the nutrient loop in agriculture.

The integration of sunflower ash at levels up to 50 kg per tonne of product represents an optimal
solution that balances high nutritional value, technological efficiency, and full safety for human he-
alth and the environment.
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