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Abstract: The study identified the optimal material, e.g., raw composition and moisture
content, and process parameters for the non-pressure agglomeration of carbonate lime
combined with biomass waste, e.g., calcium sulfate (ECO-ZEC), post-production residue
(PPR), and fly ash using a molasses-based binder. The chemical analysis revealed that the
CaO content in the granules ranged from 34% to 52%, with the highest calcium concentra-
tion observed in formulations containing carbonate limestone. Among the waste-based
additives, PPR exhibited a calcium content only 7% lower than that of pure carbonate lime,
whereas ECO-ZEC and fly ash contained 20% and 30% less calcium, respectively. Due to
the low MgO levels in the tested granules, they cannot be classified as calcium–magnesium
fertilizers. Regarding heavy metal content, concentrations of cadmium and lead remained
below the permissible regulatory limits. The highest levels of these elements were detected
in the fly ash-enriched granules, consistent with the known chemical composition of this
waste type. The tested waste materials ECO-ZEC, PPR, and fly ash demonstrated alkaline
pH values ranging from 12.37 for fly ash and 12.28 for PPR to 8.84 for ECO-ZEC. The
reference carbonate lime showed a slightly lower pH of 8.82. Mechanical strength testing
indicated that the addition of PPR improved the mechanical resistance of the granules com-
pared to the reference sample. Conversely, the inclusion of ECO-ZEC and fly ash reduced
this parameter. Notably, granules containing fly ash and PPR exhibited prolonged disinte-
gration times in water, suggesting their potential application as slow-release fertilizers. The
findings of this study demonstrate that industrial waste materials generated from biomass
combustion can serve as effective components in the production of innovative lime-based
fertilizers. This innovative approach not only promotes the recycling of by-products but
also supports the development of sustainable agriculture by reducing the environmental
burdens associated with waste disposal and encouraging resource efficiency.

Keywords: fertilizers; innovation; sustainable agriculture; waste; biomass

1. Introduction
The Council Directive 1999/31/EC of 26 April 1999 [1], commonly referred to as the

Landfill Directive, introduces restrictions on waste disposal, including various types of ash.
By imposing stringent operational and technical requirements, it indirectly encourages the
development of alternative waste management strategies. In Poland, the main legislative
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act governing waste management is the Act of 14 December 2012 on Waste (Journal of Laws
2013, 21, as amended) [2], which outlines the principles for managing materials classified
as waste.

A significant category of waste generated during electricity and heat production
comprises energy waste, commonly referred to as the by-products of combustion (BPC).
According to Stępień and Białecka [3], approximately 900–1000 million tons of BPC are
produced annually worldwide, posing a considerable environmental challenge. The Euro-
pean Union contributes roughly 100 million tons, while the United States generates around
130 million tons annually [3]. In Poland, annual production includes 9 million tons of
ash–slag mixtures, 4 million tons of fly ash, and 3.8 million tons of mixtures combin-
ing fly ash and solid residues from calcium-based flue gas desulfurization. In 2018 alone,
17 million tons of BPC were generated, ranking third in total waste production in Poland [4].
Approximately 60% of this waste is recovered, while the remainder is landfilled, highlight-
ing the urgency of identifying new management pathways [3].

With the EU’s push toward increasing the share of renewable energy sources, biomass
combustion is expected to rise, further intensifying the generation of biomass ash that
requires management. Currently, global biomass combustion and co-combustion processes
produce an estimated 480 million tons of ash, associated with an annual biomass usage of
7 billion tons [5]. While coal ash is widely utilized in the construction industry, particularly
in cement manufacturing [6,7], the application of biomass ash is more limited due to its
distinct chemical composition. Of particular concern is its phosphorus content, which often
exceeds limits set by EN 450-1 [8], resulting in delayed hydration, extended setting times,
and reduced concrete strength [9].

In recent years, growing interest has been in utilizing biomass combustion ash in
agriculture as a fertilizer [10,11]. Key advantages include its strong soil alkalizing potential—
particularly for acidic soils; its high content of essential minerals such as manganese,
zinc, and copper; and its relatively low risk of heavy metal contamination in soils and
crops [12–14]. Moreover, its chemical composition includes macronutrients like potassium,
calcium, and magnesium [13], supporting its use in soil reclamation and fertilization
applications [15,16]. Biomass ash also generally contains low levels of polycyclic aromatic
hydrocarbons (PAHs), often below EU regulatory limits [17,18], and may be suitable for
use in organic farming or forest soil enrichment due to its low heavy metal content [14].
Overall, returning biomass ash to agricultural soils is considered both an ecological and
sustainable management strategy. Additionally, such ash is inexpensive and often freely
available to farms operating biomass combustion systems.

Fly ash, another combustion by-product, is also produced in large quantities. In 2018,
Poland generated 2.4 million tons of fly ash [4], with over 100,000 tons sent to landfills
due to oversupply. Currently, 25.5 million tons of fly ash remain in storage. This material
exhibits pozzolanic properties and is used in road construction, mining, and various
engineering applications [19,20]. It also finds application as a filler in polymer processing
(e.g., polypropylene, PVC, PE, and PET) [21]. Fly ash composition varies significantly
depending on the fuel source: coal ash is rich in SiO2 and Al2O3, whereas lignite ash
contains more calcium and magnesium [22]. The higher content of these nutrients makes
lignite ash an effective liming agent and a valuable source of macro- and micronutrients.
However, its use is hindered by particle aggregation and the absence of formal regulatory
approval. Currently, it can be added to compost or used for sewage sludge sanitation
and conditioning [23].

Compared to bottom ash, fly ash generally offers greater nutrient availability for plants,
making it more suitable for agricultural and soil improvement applications [11,14,24]. Its
high water absorption capacity improves soil porosity and water retention, enhancing root



Materials 2025, 18, 2732 3 of 27

penetration [25,26]. Moreover, fly ash increases soil pH and positively affects the properties
of organic matter [27,28]. Beyond physical and chemical improvements, fly ash may
also benefit crop development [29–31]. However, due to variable chemical compositions,
careful monitoring is essential, particularly regarding soil pH, salinity, and the potential
accumulation of trace elements [32].

Studies have explored combining biomass ash with poultry manure [33], carbonated
lime with cattle slurry [34], and sugar industry by-products [35]. Biomass fly ash (BFA) has
also been used with distilled water, biological sludge, and composted sludge [36]. Never-
theless, limited research has addressed the integration of biomass waste with granulated
lime fertilizers. Some work has examined the co-granulation of bio-ash with lime kiln
dust [37,38] or in combination with sewage sludge [39]. Other innovative formulations
include non-pressure agglomeration with sulfur gypsum and limestone flour wetted with
lignosulfonates [40] or crushed stone waste used in sorghum fertilization [41]. Paleckienė
et al. [42] produced calcium-enriched fertilizers using sugar lime granules. Ławińska
et al. [43] granulated leather industry waste (tanning shavings) using sodium silicate,
dolomite, and gypsum. Obraniak et al. [44] assessed the impact of bentonite, water, and
sodium silicate on fly ash granule durability via disc granulation. Patents have also been
granted for the production of granulated lime fertilizers using both natural raw materials
and industrial by-products [45–47].

Soil liming is a commonly used practice, especially on acidic soils, which are typical
of many agricultural regions—particularly in Poland and other countries with a similar
climate. Regular liming is essential for maintaining optimal soil pH, which supports
better plant growth and more efficient use of mineral fertilizers [48]. This study aligns
with ongoing efforts to develop innovative granulated liming fertilizers enriched with
nutrients, aiming for products with desirable agronomic and physical characteristics—
namely, non-clumping, free-flowing granules that are easy to store and apply mechanically.
The main objective was to identify optimal material (raw composition, moisture content)
and process parameters for the non-pressure agglomeration of carbonate lime combined
with biomass waste and a molasses-based binder. The study evaluates the impact of three
types of industrial biomass waste and a molasses binder on the final granules’ ash content,
macro- and microelement composition (including heavy metals), and water absorption
capacity. The findings demonstrate the feasibility of producing a high-quality granular
fertilizer, supporting sustainable waste management, and enhancing fertilization practices
in agriculture.

2. Materials and Methods
2.1. Materials

The primary raw material used in this study was carbonate limestone (Figure 1), pro-
vided by ROLPOL Ołdakowscy Spółka Jawna, located in Szepietowo, Podlaskie Voivode-
ship, Poland.

During the non-pressure agglomeration process, waste materials were incorporated
into the limestone. These materials, also supplied by ROLPOL, included the following:

• ECO-ZEC (calcium sulfate)—an industrial by-product containing calcium sulfate
dihydrate, obtained from a flue gas desulfurization system;

• PPR (post-production residue)—a post-reaction product derived from the semi-dry
flue gas desulfurization process in boilers, produced by ENEA Ciepło, Białystok
Combined Heat and Power Plant;

• Fly ash—a combustion by-product from biomass, sourced from the same ENEA
Ciepło facility.
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(a) (b) 

Figure 1. The limestone used during the study: (a) ground and (b) unground.

The waste materials used in the study are presented in Figure 2. Additionally,
molasses—also supplied by ROLPOL—was used as a binder in the agglomeration process.

(a) (b) 

 
(c) 

Figure 2. The waste materials used during the study: (a) ECO-ZEC, (b) PPR, and (c) fly ash.

2.2. Moisture Content Determination

The moisture content of the raw materials limestone, ECO-ZEC, PPR, and fly ash,
as well as of the agglomerated products, was determined according to the PN-EN ISO
18134-3:2023-12 standard [49], using an AXIS ASG laboratory moisture analyzer (AXIS,
Gdańsk, Poland). For each material, five 5 g samples were analyzed. The samples
were dried at 105 ◦C, and the average of the obtained values was reported as the final
moisture content.
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2.3. Particle Size Distribution Analysis

The particle size distribution of the raw materials limestone, ECO-ZEC, PPR, and fly
ash was determined through sieve analysis using an LPz-2e programmable sieve shaker
(Multiserv Morek, Marcyporęba, Poland) and a standard sieve set. Sieves with mesh sizes
of 4.0 mm, 2.0 mm, 1.0 mm, 0.5 mm, 0.25 mm, 0.125 mm, and 0.063 mm were used. The
analysis was performed by PN-R-64798:2009 [50].

2.4. Bulk Density Determination

Bulk density was determined for all raw materials—limestone, ECO-ZEC, PPR, and
fly ash—using a 407.5 cm3 metal cylinder, a laboratory scale (AX324M, OHAUS Europe
GmbH, Nänikon, Switzerland), and a steel scraper. The procedure followed the method
described in reference [51].

2.5. Fertilizer Production via Non-Pressure Agglomeration

The production of fertilizer granules from carbonate limestone combined with selected
waste materials ECO-ZEC, PPR, and fly ash was carried out using the non-pressure ag-
glomeration method at the experimental research station. The schematic of the production
setup is shown in Figure 3.

 

Figure 3. Schematic diagram of the test stand for plate granulation: (1) replaceable granulation plate,
(2) gear mechanism, (3) electric motor with belt transmission, (4) frequency converter, (5) moisturizing
liquid tank, (6) compressor, (7) scale, (8) raw material dispenser, (9) spray nozzle, (10) rotameter,
(11) supporting structure, and (α) plate inclination angle.

The non-pressure agglomeration process was conducted under controlled conditions
with the following constant operational parameters:

• Granulation plate inclination angle: 65◦;
• Blade inclination angle within the plate granulator: 45◦.

Based on preliminary trials, the following operating parameters of the granulation
system were selected:

• Granulation plate rotational speed: 8 rpm;
• Material residence time in the granulator: 9 min;
• Granulation liquid droplet size: mist (fine spray).
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These settings were maintained throughout the study in order to investigate the
influence of different mixture compositions on the granulated fraction yield and the quality
of the final product.

The granulation tests were carried out using specific compositions of ground carbonate
lime and selected waste materials provided by ROLPOL. Detailed formulations used in the
experimental setup are presented in Table 1.

Table 1. Experimental design for the granulation process using mixtures of ground carbonate
limestone and waste materials supplied by ROLPOL.

Fertilizer Composition (%)

Limestone ECO-ZEC PPR Fly Ash

10% ECO-ZEC 90 10 n/a n/a
25% ECO-ZEC 75 25 n/a n/a
40% ECO-ZEC 60 40 n/a n/a
55% ECO-ZEC 45 55 n/a n/a
70% ECO-ZEC 30 70 n/a n/a

30% PPR 70 n/a 30 n/a
40% PPR 60 n/a 40 n/a
50% PPR 50 n/a 50 n/a

5% PPR + 5% Fly ash 90 n/a 5 5
18% PPR + 22% Fly ash 60 n/a 18 22
15% PPR + 10% Fly ash 75 n/a 15 10
15% PPR + 20% Fly ash 65 n/a 15 20
15% PPR + 30% Fly ash 55 n/a 15 30

15% Fly ash 85 n/a n/a 15
25% Fly ash 75 n/a n/a 25
35% Fly ash 65 n/a n/a 35

n/a—not applicable (component not used in mixture).

Following the granulation process, the obtained granules were transferred onto metal
trays and placed on the shelves of a convection dryer (BMT Medical Technology s.r.o., Brno,
Czech Republic). The drying process was carried out for 24 h at a controlled temperature
of 80 ◦C and monitored using a contact thermometer (Testo SE & Co. KGaA, Titisee-
Neustadt, Germany).

2.6. Determination of Macroelements

The contents of sodium (Na), potassium (K), magnesium (Mg), and calcium (Ca) were
determined using atomic absorption spectrophotometry (AAS). This technique enabled the
direct quantification of macroelements in the solutions obtained from previously mineralized
samples. The analyses were performed using a Thermo Scientific iCE 3300 flame atomic
absorption spectrometer (Thermo Scientific, Waltham, MA, USA). Calibration curves were
established based on standard solutions of Na, K, Mg, and Ca in concentrations ranging from
0.5 to 100 mg·L−1. Subsequently, the macroelement concentrations in the tested mineralizates
were determined.

2.7. Determination of Microelements and Heavy Metals

The concentrations of selected elements, including aluminum (Al), phosphorus (P),
chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn),
arsenic (As), cadmium (Cd), lead (Pb), and mercury (Hg), were measured using induc-
tively coupled plasma mass spectrometry (ICP-MS). The analyses were conducted with
an Agilent Technologies 8800 Triple Quadrupole ICP-MS system (Agilent Technologies,
Santa Clara, CA, USA). ICP-MS is recognized as a state-of-the-art analytical technique
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for trace element detection, offering a wide linear dynamic range, low detection limits,
high throughput, and the capability for simultaneous multi-element analysis. The method
involves ionization of the sample in plasma (at approximately 6000–10,000 K), followed by
ion separation via a mass analyzer and detection based on ion stream intensity. The detec-
tion limits achieved are influenced by the target element, matrix composition, and sample
preparation technique.

2.8. Determination of Granule Crushing Strength

The mechanical strength of the produced granules was evaluated by measuring their
crushing resistance. A dedicated test stand for assessing the crushing strength of granular
materials was employed for this purpose (Figure 4).

 

Figure 4. Station for determining crushing strength of granules [own study]: (1) overhead crane,
(2) load cell, (3) measuring tip, (4) measuring platform, (5) controller with switch, and (6) computer
with Exponent 6.1.27.0 software.

During the crushing strength test of the granulate, the following Exponent software
settings options were used:

• Mode: Return to Start;
• Pre-Test Speed: 10 mm·s−1;
• Test Speed: 0.5 mm·s−1;
• Post-Test Speed: 10.0 mm·s−1;
• Distance: 2 mm;
• Tools: Measuring tip for granulate testing, Heavy Duty Platform (HDP/90).

2.9. Determination of the Disintegration Time of Fertilizer Granules in Water

The disintegration time of the fertilizer granules in water was assessed to evaluate
their solubility and potential behavior as slow- or fast-release fertilizers. The methodology
used for this determination was developed internally by ROLPOL and has been applied
consistently in their production and quality control processes.
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The experimental setup used for the test is presented in Figure 5. The granules were
immersed in distilled water at room temperature, and the time required for complete
physical disintegration of the granules was recorded.

(a) (b) 

Figure 5. Station for determining solubility of granules: (a) with the granule just after it has been
thrown into water, and (b) with the granule after it has disintegrated in water.

This parameter is crucial for assessing the release rate of nutrients from the fertilizer
and provides insight into the granules’ suitability for different soil conditions and crop
requirements. A prolonged disintegration time may indicate the potential of the product to
act as a slow-release fertilizer, contributing to improved nutrient management and reduced
environmental impact.

2.10. Determination of pH Value

The pH values of the raw materials and produced granulates were determined using
the potentiometric method. Measurements were conducted in aqueous suspensions pre-
pared by mixing the sample with distilled water at a 1:10 solid-to-liquid ratio. The pH was
recorded using a calibrated pH meter under laboratory conditions. This method is widely
recognized for its accuracy and reproducibility in determining the acid-base properties of
solid materials, including those intended for agricultural use.

2.11. Statistical Analysis

All results are expressed as mean values ± standard deviation (SD), calculated from
three independent replicates. To identify underlying patterns and groupings within the
dataset, hierarchical cluster analysis (HCA) was employed. The analysis was based on
Euclidean distance as the dissimilarity measure and Ward’s linkage method as the agglom-
eration strategy.

The resulting dendrogram effectively classified the samples into five distinct clusters,
reflecting the similarities in their physicochemical and mechanical properties. Statistical
analyses were performed using Statistica 13.3 software (TIBCO Software Inc., Palo Alto,
CA, USA).

HCA was selected due to its robustness in handling multivariate datasets, making it
particularly suitable for complex material characterization. It enables objective classification
without the need to predefine the number of clusters, thereby offering valuable insight into
the relationships between the chemical composition and performance characteristics of the
tested granulated fertilizers.

3. Results and Discussion
3.1. Moisture Content of Tested Materials

Table 2 presents the measured moisture content of the input materials, including
limestone and selected industrial by-products—ECO-ZEC, PPR, and fly ash. These
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values provide essential insights into the hygroscopic properties of the raw materials
before pelletization.

Table 2. Moisture content of raw materials and waste additives ECO-ZEC, PPR, and fly ash.

Material Moisture ± SD (%)

Ground lime 0.39 ± 0.02
Unground lime 0.36 ± 0.01

Fly ash 0.40 ± 0.01
PPR 1.82 ± 0.02

ECO-ZEC 8.17 ± 0.11

Based on the conducted measurements, the limestone utilized in the non-pressure
agglomeration process exhibited relatively low moisture levels, with values of 0.39% for
ground lime and 0.36% for unground lime. In contrast, the examined waste materials
demonstrated higher moisture content: 0.40% for fly ash, 1.82% for PPR, and 8.17% for
ECO-ZEC. According to the authors’ practical experience and insights from the literature,
optimal conditions for effective pellet formation are typically achieved when the moisture
content of limestone ranges between 5% and 15%.

3.2. Granulometric Distribution of Tested Materials

Table 3 shows the results of the granulometric distribution tests (the percentage of
the material retained on each sieve fraction) for the raw materials: limestone and waste
materials ECO-ZEC, PPR, and fly ash.

Table 3. Granulometric distribution of raw materials: limestone and waste materials ECO-ZEC, PPR,
and fly ash subjected to sieve analysis.

Share of Fraction (%)

Material 2.00 1.00 0.50 0.25 0.125 0.063

Ground lime 0.63 1.30 5.29 58.31 27.03 7.44
Unground lime 11.03 42.05 19.39 8.32 12.42 6.79

PPR 2.12 2.74 63.06 29.14 2.94 0.00
ECO-ZEC 20.70 26.50 52.79 0.00 0.00 0.00

Fly ash 0.00 0.06 0.52 48.14 31.32 19.96

The sieve analysis revealed that ground limestone exhibited the highest particle share in
the 0.25 mm (58.31%) and 0.125 mm (27.03%) fractions. In contrast, unground limestone was
primarily concentrated in the coarser fractions—1.00 mm (42.05%) and 0.50 mm (19.39%).

For the PPR, the dominant fractions were 0.50 mm (63.06%) and 0.25 mm (29.14%).
Notably, partial agglomeration of particles occurred during the analysis, particularly on
the 2.00 mm sieve, which influenced the distribution across subsequent sieves.

The granulometric profile of ECO-ZEC showed that the entire sample was retained
within three sieve fractions: 0.50 mm (52.79%), 1.00 mm (26.50%), and 2.00 mm (20.70%).
Similar to PPR, this distribution pattern is attributed to the partial agglomeration of particles
on the sieves.

Fly ash demonstrated a significantly finer particle size distribution, with the majority of
material found in the 0.25 mm (48.14%), 0.125 mm (31.32%), and 0.063 mm (19.96%) fractions.

Figures 6 and 7 provide a graphical representation of the particle size distributions for
both the raw limestone and the examined waste materials, offering a comparative overview
of their granulometric characteristics.
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(a) 

 
(b) 

Figure 6. Individual fractions of raw materials subjected to sieve analysis: (a) ground lime and
(b) unground lime.

3.3. Macroelement Content

Table 4 summarizes the concentrations of selected macroelements—namely, sodium (Na),
magnesium (Mg), calcium (Ca), and sulfur (S)—along with their corresponding oxide forms
(Na2O, MgO, CaO, and SO3), determined in both the primary raw material limestone and
the industrial by-products ECO-ZEC, PPR, and fly ash. This compositional analysis pro-
vides key insights into the chemical characteristics relevant to their potential application in
agglomeration processes.

Based on the conducted analyses, the highest sodium (Na) content was identi-
fied in fly ash, while the lowest concentration was recorded in ECO-ZEC. In terms of
magnesium (Mg), limestone exhibited the greatest amount, whereas fly ash contained
approximately half as much. ECO-ZEC showed the lowest magnesium content among the
tested materials.
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(a) 

 
(b) 

(c) 

Figure 7. Individual fractions of waste additives subjected to sieve analysis: (a) PPR, (b) ECO-ZEC,
and (c) fly ash.
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Table 4. Results of analysis of macroelement content in raw material limestone and waste materials
ECO-ZEC, PPR, and fly ash.

Material
Content of Macroelements, Sulfur, and Their Oxides (%)

Na Mg Ca S Na2O MgO CaO SO3

Limestone 0.0130 1.1624 38.4384 0.0002 0.0172 1.9273 53.7753 0.0005
PPR 0.0926 0.1653 31.8823 15.2571 0.1228 0.2740 44.6033 38.1428

ECO-ZEC 0.0095 0.0360 18.2031 20.8159 0.0126 0.0597 25.4661 52.0398
Fly ash 0.1580 0.6787 3.2328 0.0251 0.2096 1.1253 4.5226 0.0628

A similar distribution trend was observed for calcium (Ca). The calcium content
in limestone reached 38.44%, making it the most calcium-rich material. In comparison,
PPR exhibited about 7% less calcium, ECO-ZEC approximately 20% less, and fly ash over
35% less than limestone.

Sulfur (S) content was minimal in limestone (0.0002%) and remained relatively low in
fly ash (0.03%). In contrast, PPR presented a significantly elevated sulfur concentration of
15.26%, which corresponds to 38.14% when expressed as sulfur trioxide (SO3). The highest
sulfur content was recorded in ECO-ZEC, amounting to 20.82%, equivalent to 52.04% SO3.

The chemical composition of fly ash derived from biomass combustion varies con-
siderably depending on both the biomass type and combustion conditions [11,52,53]. Ash
produced from coal combustion is typically rich in silicon dioxide (SiO2, ~50%) and alu-
minum oxide (Al2O3, >20%). In contrast, fly ash from lignite combustion contains higher
concentrations of calcium (9.21%), magnesium (0.92%), and sulfur (0.67%) compared to ash
from hard coal, which contains only 1.42% Ca, 0.45% Mg, and 0.31% S [54].

Jarosz-Krzemińska and Poluszyńska [55] investigated fly ash originating from wood
combustion in fluidized bed boilers. Their findings revealed a substantial presence of
calcium oxide (CaO), ranging from approximately 12.9% to 26.5%, due to the inherently high
calcium content in wood tissues, particularly bark. Magnesium oxide (MgO) was detected
at levels of 3–4%, while phosphorus pentoxide (P2O5) ranged from 2% to 4.6%. In the case of
non-wood plant biomass (e.g., straw, corn, sunflower husks, or palm kernels), significantly
higher concentrations of potassium, phosphorus, and magnesium were observed. For
example, straw ash may contain over 66% SiO2, sunflower husk ash up to 31% K2O, and
corn ash as much as 42% P2O5 and over 10% MgO [11].

Granules produced from mixtures of limestone and the waste materials ECO-ZEC, PPR,
and fly ash are characterized by a CaO content ranging from 34% to 52% (Table 5). Therefore,
according to the “Regulation of the Minister of Economy of 8 September 2010” [56], on the
method of packaging mineral fertilizers, the placement of information on fertilizer components
on these packages, the method of testing mineral fertilizers, and the types of agricultural lime,
they can be classified as agricultural lime of type 07—derived from by-products. Those with
higher calcium oxide content can be classified as agricultural lime derived from the processing
of limestone rocks, types 05 and 06 (Table 5).

The magnesium oxide (MgO) content in the tested granules ranges from 0.6% to 1.8%.
Due to the low MgO content, the produced granules cannot be classified as agricultural
lime containing magnesium. The granules also showed a low sodium content, below
0.1%. When comparing the granules in terms of sodium content, it was found to be
highest in the mixtures containing fly ash and lowest in those with ECO-ZEC. The granule
obtained from a mixture of limestone with 70% ECO-ZEC waste lime, due to its sulfur
trioxide (SO3) content exceeding 35%, can additionally be considered a fertilizer containing
secondary nutrients.
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Table 5. Results of analysis of macroelement content in the produced granulates.

Fertilizer Type
Content of Macroelements, Sulfur, and Their Oxides (%) Fertilizer

VarietyNa Mg Ca S Na2O MgO CaO SO3

10% ECO-ZEC 0.0127 1.0498 36.4149 2.0818 0.0168 1.7405 50.9444 5.2044 05
25% ECO-ZEC 0.0121 0.8808 33.3796 5.2041 0.0161 1.4604 46.6980 13.0103 05
40% ECO-ZEC 0.0116 0.7118 30.3443 8.3265 0.0154 1.1802 42.4516 20.8162 05
55% ECO-ZEC 0.0111 0.5429 27.3090 11.4488 0.0147 0.9001 38.2053 28.6221 06
70% ECO-ZEC 0.0106 0.3739 24.2737 14.5712 0.0140 0.6200 33.9589 36.4280 07, D.1.

20% PPR 0.0289 0.9630 37.1272 3.0516 0.0384 1.5966 51.9409 7.6290 05
30% PPR 0.0369 0.8633 36.4716 4.5773 0.0489 1.4313 51.0237 11.4432 05
40% PPR 0.0449 0.7635 35.8160 6.1030 0.0595 1.2660 50.1065 15.2574 05
50% PPR 0.0528 0.6638 35.1603 7.6287 0.0700 1.1006 49.1893 19.0716 05

5% PPR + 5% Fly ash 0.0242 1.0884 36.3503 0.7643 0.1447 1.8045 50.8541 1.9107 05
18% PPR + 22% Fly ash 0.0592 0.8765 29.5131 2.7519 0.4380 1.4532 41.2888 6.8798 05
15% PPR + 10% Fly ash 0.0395 0.9645 33.9344 2.2912 0.2294 1.5991 47.4743 5.7281 05
15% PPR + 20% Fly ash 0.0540 0.9161 30.4139 2.2937 0.4039 1.5189 42.5490 5.7343 05
15% PPR + 30% Fly ash 0.0685 0.8677 26.8933 2.2962 0.5785 1.4387 37.6237 5.7405 06

15% Fly ash 0.0348 1.0898 33.1576 0.0039 0.0461 1.8070 46.3874 0.0098 05
25% Fly ash 0.0493 1.0415 29.6370 0.0064 0.0653 1.7268 41.4622 0.0161 05
35% Fly ash 0.0638 0.9931 26.1164 0.0089 0.0846 1.6466 36.5369 0.0223 06

3.4. Microelement Content and Heavy Metals

Table 6 presents the results of the analysis of chromium (Cr), manganese (Mn),
iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), cadmium (Cd),
and lead (Pb) content in granules produced from limestone and the waste materials ECO-
ZEC, PPR, and fly ash supplied by the company ROLPOL. According to the “Regulation
of the Minister of Agriculture and Rural Development of 18 June 2008” [57], on the im-
plementation of certain provisions of the Fertilizers and Fertilization Act, the permissible
level of contaminants in mineral fertilizers must not exceed 8 mg·kg−1 CaO for cadmium
and 200 mg·kg−1 CaO for lead. In the tested granules, cadmium content ranged from
0.40 to 2.32 mg·kg−1 CaO, and lead content from 3.48 to 41.41 mg·kg−1 CaO, meaning
that the permissible levels of heavy metals were not exceeded. The highest concentrations
of these elements were found in granules with added fly ash, which is due to the fact
that fly ash contained the highest amounts of cadmium and lead among the analyzed raw
materials. The granulate produced from limestone with the addition of 35% fly ash and
65% limestone had the highest content of chromium (0.0016%), manganese (0.0652%), iron
(0.332%), cobalt (0.0000992%), zinc (0.0140%), cadmium (0.000868%), and lead (0.00147%).
The granulate produced with the addition of 70% ECO-ZEC had the lowest content of
chromium (0.000507%), manganese (0.00431%), iron (0.0609%), cobalt (0.00000337%), zinc
(0.00234%), and arsenic (0.00000176%).

Table 6. Results of analysis of microelement and heavy metal content in granulates obtained from
mixtures of limestone and waste materials ECO-ZEC, PPR, and fly ash.

Fertilizer Type
Microelement and Heavy Metal Content (%)

Cr Mn Fe Co Ni Cu Zn As Cd Pb

10% ECO-ZEC 1.14 × 10−3 9.27 × 10−3 1.20 × 10−1 5.63 × 10−6 5.56 × 10−4 1.01 × 10−3 2.51 × 10−3 2.46 × 10−6 1.81 × 10−5 1.56 × 10−4

25% ECO-ZEC 9.95 × 10−4 8.16 × 10−3 1.07 × 10−1 5.13 × 10−6 5.99 × 10−4 1.10 × 10−3 2.47 × 10−3 2.30 × 10−6 2.03 × 10−5 1.79 × 10−4

40% ECO-ZEC 8.32 × 10−4 6.88 × 10−3 9.14 × 10−2 4.54 × 10−6 6.48 × 10−4 1.20 × 10−3 2.43 × 10−3 2.12 × 10−6 2.29 × 10−5 2.05 × 10−4

55% ECO-ZEC 6.70 × 10−4 5.59 × 10−3 7.62 × 10−2 3.96 × 10−6 6.98 × 10−4 1.30 × 10−3 2.38 × 10−3 1.94 × 10−6 2.55 × 10−5 2.31 × 10−4

70% ECO-ZEC 5.07 × 10−4 4.31 × 10−3 6.09 × 10−2 3.37 × 10−6 7.47 × 10−4 1.40 × 10−3 2.34 × 10−3 1.76 × 10−6 2.80 × 10−5 2.57 × 10−4

20% PPR 1.05 × 10−3 9.91 × 10−3 1.61 × 10−1 9.98 × 10−6 4.11 × 10−4 1.69 × 10−3 3.99 × 10−3 4.39 × 10−5 2.29 × 10−5 4.28 × 10−4

30% PPR 9.57 × 10−4 9.91 × 10−3 1.61 × 10−1 9.98 × 10−6 4.11 × 10−4 1.69 × 10−3 3.99 × 10−3 4.39 × 10−5 2.29 × 10−5 4.28 × 10−4

40% PPR 8.24 × 10−4 9.74 × 10−3 1.73 × 10−1 1.16 × 10−5 3.65 × 10−4 2.01 × 10−3 4.61 × 10−3 6.16 × 10−5 2.59 × 10−5 5.54 × 10−4

50% PPR 7.13 × 10−4 9.60 × 10−3 1.84 × 10−1 1.30 × 10−5 3.27 × 10−4 2.28 × 10−3 5.13 × 10−3 7.63 × 10−5 2.83 × 10−5 6.59 × 10−4

5% PPR + 5% Fly ash 1.26 × 10−3 1.81 × 10−2 1.66 × 10−1 2.01 × 10−5 5.22 × 10−4 1.17 × 10−3 4.45 × 10−3 2.18 × 10−5 2.73 × 10−5 3.78 × 10−4

18% PPR + 22% Fly ash 1.28 × 10−3 4.46 × 10−2 2.76 × 10−1 6.71 × 10−5 5.55 × 10−4 1.86 × 10−3 1.07 × 10−2 8.13 × 10−5 6.49 × 10−5 1.16 × 10−3

15% PPR + 10% Fly ash 1.13 × 10−3 2.53 × 10−2 1.98 × 10−1 3.45 × 10−5 4.83 × 10−4 1.49 × 10−3 6.48 × 10−3 4.83 × 10−5 3.91 × 10−5 6.66 × 10−4

15% PPR + 20% Fly ash 1.29 × 10−3 4.46 × 10−2 2.76 × 10−1 6.71 × 10−5 5.55 × 10−4 1.86 × 10−3 1.07 × 10−2 8.13 × 10−5 6.49 × 10−5 1.16 × 10−3

15% PPR + 30% Fly ash 1.38 × 10−3 5.72 × 10−2 3.19 × 10−1 8.79 × 10−5 6.05 × 10−4 1.94 × 10−3 1.32 × 10−2 9.58 × 10−5 8.04 × 10−5 1.43 × 10−3

15% Fly ash 1.41 × 10−3 3.38 × 10−2 2.18 × 10−1 4.60 × 10−5 5.90 × 10−4 1.24 × 10−3 7.48 × 10−3 3.82 × 10−5 4.63 × 10−5 7.06 × 10−4

25% Fly ash 1.50 × 10−3 4.95 × 10−2 2.75 × 10−1 7.26 × 10−5 6.38 × 10−4 1.44 × 10−3 1.08 × 10−2 6.19 × 10−5 6.66 × 10−5 1.09 × 10−3

35% Fly ash 1.60 × 10−3 6.52 × 10−2 3.32 × 10−1 9.92 × 10−5 6.87 × 10−4 1.64 × 10−3 1.40 × 10−2 8.56 × 10−5 8.68 × 10−5 1.47 × 10−3
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The microelement with the highest concentration, both in raw and waste materi-
als, was iron, with contents ranging from 0.061% to 0.332%. Based on the research by
Smołka-Danielowska and Jabłońska [58], fly ash from woody biomass contains from 100 to
300 mg·kg−1 of zinc, from 30 to 80 mg·kg−1 of copper, and from 5 to 20 mg·kg−1 of
lead. On the other hand, the content of cadmium ranges from 0.5 to 2.0 mg·kg−1, nickel
from 10 to 25 mg·kg−1, chromium 5–15 mg·kg−1, arsenic 1–3 mg·kg−1, and mercury
0.1–0.5 mg·kg−1. Despite the presence of heavy metals, their concentrations usually do not
exceed the permissible standards for the use of ash as organo-mineral fertilizers. However,
it is necessary to individually test each ash sample for its chemical composition and possible
toxicity. In a study conducted by Jukić et al. [59], it was found that the content of heavy
metals in fly ash from woody biomass is generally low; however, in some samples, the
levels exceeded the permissible limits for fertilizers or soil improvers. For example, the lead
(Pb) content in woody biomass ash may range from 20 to 40 mg·kg−1, while the cadmium
(Cd) content ranges from 0.5 to 1.5 mg·kg−1.

3.5. Bulk Density of Tested Materials

Figure 8 shows the results of the bulk density tests for the raw materials: limestone
and the waste materials ECO-ZEC, PPR, and fly ash.
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Figure 8. Bulk density of the raw materials and waste additives used during the study.

Based on the tests, it was observed that among the tested limestones, unground lime
exhibited a significantly higher bulk density value of 660.53 kg·m−3 compared to ground
lime, which had a bulk density of 460.78 kg·m−3. Among the waste additives, fly ash
demonstrated the highest bulk density value of 536.35 kg·m−3. In contrast, ECO-ZEC lime
had a lower bulk density value of 382.78 kg·m−3, while PPR exhibited the lowest bulk
density value of 262.44 kg·m−3.

3.6. Fertilizing Properties of the Produced Granulates

Figure 9 presents the pH values of the raw materials, including limestone and waste
materials ECO-ZEC, PPR, and fly ash value, while Figure 10 shows the pH values of the
granulates produced from mixtures of carbonate lime and waste materials ECO-ZEC, PPR,
and fly ash supplied by ROLPOL and used in the tests.
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Figure 9. pH values of raw materials, including carbonate limestone and waste materials ECO-ZEC,
PPR, and fly ash supplied by ROLPOL.
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Figure 10. pH values of granulates obtained from mixtures of calcium carbonate and waste materials
ECO-ZEC, PPR, and fly ash supplied by ROLPOL.

The analyzed waste materials supplied by ROLPOL—ECO-ZEC, PPR, and fly ash—
exhibited alkaline pH values. Fly ash showed the highest alkalinity with a pH of 12.37,
followed closely by PPR at 12.28. These values are comparable to those reported by
Stankowski et al. [60], who found that biomass ash exhibited a pH of 13.00. Similarly,
Balcarik et al. [61] reported that waste from biomass combustion had a pH of 11.2.

The ECO-ZEC material demonstrated a moderately alkaline reaction, with a pH of
8.84, whereas carbonate lime exhibited a slightly lower pH of 8.82. These results are slightly
higher than those reported by Feng et al. [62], where CaCO3-based calcium fertilizer
presented a pH of 7.77.

The high pH values observed in the raw materials confirm the alkaline character of
the resulting fertilizer granulates. When applied to soil, these materials are not expected
to decrease soil pH. On the contrary, their application aims to neutralize soil acidity,
reduce the harmful effects of aluminum and hydrogen ions, enhance nutrient availability,
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stimulate soil microbial activity, increase humus content, and improve overall soil structure
and fertility [63]. It is important to note, however, that the optimal availability of most
macronutrients occurs within a soil pH range of 6.5 to 8.5 [64,65]. Therefore, using the
produced granulates offers a potential means for maintaining or adjusting soil pH to within
this favorable range.

Figure 11 presents the nitrogen (N) content in the analyzed granulates, indicating their
fertilizing potential.
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Figure 11. Nitrogen content in granules obtained from mixtures of carbonate lime and waste materials
ECO-ZEC, PPR, and fly ash supplied by ROLPOL.

The nitrogen content in granules formulated with carbonate lime and ECO-ZEC ranged
from approximately 0.03% to 0.05%, while in those with the addition of PPR, the nitrogen
content varied between 0.04% and 0.05%. The highest nitrogen levels were observed in
the granules containing fly ash, where values ranged from 0.04% to approximately 0.06%
(Figure 11). Despite these differences, the overall nitrogen content in the tested granulates
remains low compared to selected organic fertilizers, such as manure (0.45%), compost (0.5%),
and slurry (0.3%) [66]. For comparison, ashes derived from sewage sludge incineration
typically exhibit significantly higher nitrogen contents, ranging from 1.5% to 2.3% [67,68].

Among the analyzed granulates, the highest phosphorus (P) content was recorded
in mixtures containing fly ash (Figure 12). This finding corresponds with the chemical
composition of the raw materials, as fly ash exhibited the highest phosphorus and potas-
sium levels among the tested inputs. When expressed as phosphorus pentoxide (P2O5),
the phosphorus content in the granulates with ash ranged from 0.10% to 0.34%. Accord-
ing to Wierzbowska et al. [69], soil fertilization with ash derived from the combustion of
energy willow and Virginia fanwort resulted in phosphorus contents of 3.3% and 1.66%,
respectively, indicating that such ashes can be a rich source of this macronutrient.

The highest potassium (K) content was recorded in mixtures also containing fly ash
(Figure 13). When assessing the potassium content in terms of potassium oxide (K2O),
it can be concluded that the fertilizer granulates containing fly ash are characterized by
relatively low levels, ranging from 0.2% to 0.6% K2O. These values are comparable to
those found in certain organic fertilizers, such as liquid manure (0.3% K2O) and compost
(0.1–1.0% K2O). According to Stankowski et al. [60], ash derived from biomass combustion
typically contains an average potassium content of 5.55%, whereas ash from sewage sludge
combustion contains significantly lower levels—approximately 1.55% K2O [70].
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Figure 12. Phosphorus content in granulates obtained from mixtures of carbonate limestone and
waste materials ECO-ZEC, PPR, and fly ash supplied by ROLPOL.
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Figure 13. Potassium content in granulates obtained from mixtures of carbonate limestone and waste
materials ECO-ZEC, PPR, and fly ash supplied by ROLPOL.

3.7. The Results of the Research on the Non-Pressure Agglomeration Process

Table 7 presents the results of non-pressure agglomeration tests conducted on mix-
tures of carbonate lime and waste materials ECO-ZEC, PPR, and fly ash supplied by
ROLPOL. The table also includes the compressive strength [N], bulk density [kg·m−3], and
granulometric distribution [%] of the obtained granulates.

3.7.1. Granulate Compressive Strength

Based on the test results (Table 7), very high compressive strength values were ob-
served for granulates containing PPR as an additive to ground carbonate limestone. An
increase in the PPR content from 30% to 50% in the mixture resulted in an increase in
granule crushing strength by approximately 51%, from 9.25 N to 14.00 N. The compressive
strength of granulates containing 30% PPR (9.25 N) was comparable to that of the reference
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granulate (10.60 N). With 40% PPR, the strength slightly exceeded the reference (10.76 N),
while with 50% PPR, it was significantly higher (14.00 N).

Table 7. Results of non-pressure agglomeration tests of mixtures containing carbonate lime and waste
materials ECO-ZEC, PPR, and fly ash supplied by ROLPOL.

Type and Amount of
Supplement

Compressive
Strength (N)

Bulk Density
(kg·m−3)

Granule
Disintegration

Time (s)

Granulometric Distribution (%)
Sieve Size (mm)

8 4 2 0.5

x < 0.5
Quantity of

Non-Granulated
Fraction

Quantity of
Granulated

Fractions

Mixtures with ground lime

Reference fertilizer 10.60 1210.78 30.06 x x x x x x
10% ECO-ZEC 5.11 1108.84 24.62 58.97 30.44 7.44 0.52 2.63 97.37
25% ECO-ZEC 4.99 1102.92 22.98 55.62 22.66 9.66 9.20 2.86 97.14
40% ECO-ZEC 4.85 1090.65 20.90 65.94 20.80 5.96 3.65 3.65 96.35
55% ECO-ZEC 4.76 1053.12 14.41 52.37 37.57 1.39 0.14 8.53 91.47
70% ECO-ZEC 4.65 1047.07 9.80 59.99 24.08 4.02 1.05 10.86 89.14

30% PPR 9.25 1054.74 x 93.18 5.34 0.25 0.19 1.04 98.96
40% PPR 10.76 1068.00 x 83.45 11.75 1.83 1.27 1.70 98.30
50% PPR 14.00 1084.00 x 60.24 31.30 4.23 1.75 2.47 97.52

5% PPR + 5% Fly ash 5.77 1129.77 912.67 54.21 39.91 2.01 0.45 3.43 96.58
18% PPR + 22% Fly ash 13.21 1137.77 x 38.48 49.44 10.58 0.62 0.87 99.12
15% PPR + 10% Fly ash 12.94 1162.38 x 40.95 56.22 2.47 0.22 0.14 99.86
15% PPR + 20% Fly ash 12.82 1172.43 x 59.74 38.64 1.42 0.00 0.20 99.80
15% PPR + 30% Fly ash 12.78 1159.72 x 70.79 28.11 0.14 0.10 0.86 99.14

15% Fly ash 5.57 1148.12 x 18.74 55.67 22.24 1.55 1.80 98.20
25% Fly ash 4.79 1112.19 x 26.46 59.75 5.04 1.94 6.81 93.19
35% Fly ash 4.60 1089.65 x 23.58 45.80 15.96 5.59 9.07 90.93

x—over 24 h.

In contrast, much lower compressive strength values were recorded for granulates
with ECO-ZEC lime added to ground carbonate limestone. Increasing the ECO-ZEC content
from 10% to 70% resulted in a decrease in compressive strength by approximately 9%, from
5.11 N to 4.65 N. The crushing strength of granulates with ECO-ZEC (regardless of dosage
level) remained significantly lower than that of the reference granulate (10.60 N).

Much higher fertilizer compressive strengths were reported by Miastkowski et al. [71],
who granulated a fertilizer mixture using bentonite as a binder. Depending on the bentonite
concentration, the resulting granules showed compressive strength values ranging from
5.25 N to 46.15 N. Similarly, Malinowski et al. [72] studied fertilizers made from waste
derived from magnesium nitrate production, which exhibited compressive strength ranging
from 10.0 N to 70.2 N.

3.7.2. Bulk Density of Granulate

Based on the experimental results (Table 7), relatively high bulk density values were
observed for granulates obtained from ground carbonate lime supplemented with either
PPR or ECO-ZEC lime. Increasing the PPR content from 30% to 50% in the mixture led to a
modest rise in bulk density, approximately 3%, from 1054.74 to 1084 kg·m−3. Conversely,
the addition of ECO-ZEC lime at increasing proportions (from 10% to 70%) resulted in a
gradual decrease in bulk density by around 6%, from 1108.84 to 1047.07 kg·m−3.

The highest bulk density values were recorded in formulations combining fly ash
and PPR. A mixture containing 5% fly ash and 5% PPR yielded a bulk density of
1129.77 kg·m−3, which was approximately 7% lower than the reference granulate
(1210.78 kg·m−3). Increasing the PPR content to 15% in a mixture with 20% fly ash slightly
improved the bulk density to 1172.43 kg·m−3. Further increasing the fly ash content to 30%,
while maintaining a constant 15% PPR addition, resulted in a bulk density of 1159.72 kg·m−3.
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In contrast, the addition of fly ash alone (25%) to ground lime produced granulates
with slightly lower bulk density than the reference material. Overall, granulates containing
PPR, ECO-ZEC lime, or fly ash showed reduced bulk density compared to the reference
granulate, likely due to lower granule size uniformity in the modified formulations.

Bulk density of fertilizers varies widely depending on the raw materials used. Mudryk
et al. [73] reported bulk densities ranging from 648.3 to 794.5 kg·m−3 for granulates based
on chalk. Balla et al. [74] observed higher values for mineral fertilizers, ranging from
924.13 to 1070.72 kg·m−3. Comparable results were also obtained by Mudryk et al. [75]
in the granulation of biomass ash blended with post-fermentation fertilizers, where bulk
densities ranged from 669.13 to 890.36 kg·m−3.

3.7.3. Granulometric Distribution of Fertilizer Granules

Granulometric analysis (Table 7) revealed that the dominant particle size fraction
in fertilizer granulates composed of ground lime and waste additives ECO-ZEC, PPR,
and fly ash was 8 mm. The 4 mm fraction constituted the second largest share. Smaller
fractions—2 mm, 1 mm, and 0.5 mm—were present in significantly lower proportions.

The proportion of non-granulated material (particles < 0.5 mm) ranged from 10.86%
(for granulates containing 70% ECO-ZEC lime) to just 0.86% (for granulates with 15% PPR
and 30% fly ash), indicating improved granulation efficiency with the latter formulation.

As noted by Marchuk et al. [76], particle diameter is a critical parameter influencing
the uniform distribution of fertilizers by agricultural spreaders. According to the findings of
Antille et al. [77], optimal granule diameters for spreader-based application range between
1.10 mm and 5.80 mm.

3.8. Disintegration Time of Fertilizer Granules in Water

The results of the disintegration time tests in water for fertilizer granulates, produced
through the non-pressurized agglomeration of mixtures of carbonate limestone and the
waste materials ECO-ZEC, PPR, and fly ash supplied by ROLPOL, are presented in Table 7.

Based on the conducted solubility tests (disintegration time in water), a notable
influence of the waste materials ECO-ZEC, PPR, and fly ash on the disintegration time
of the granulates was observed. Specifically, the addition of ECO-ZEC lime to ground
carbonate lime resulted in a reduction in the disintegration time of the fertilizer granulates
compared to the reference granulate made from carbonate lime alone.

Figure 14 shows the effect of ECO-ZEC waste lime on the solubility of fertilizer granulates.
The addition of 10% ECO-ZEC waste lime resulted in an approximate 18% reduction

in the granule disintegration time (from 30.06 s for the reference granulate to 24.62 s
for the granulate with 10% ECO-ZEC lime). Increasing the ECO-ZEC lime content from
10% to 70% further decreased the disintegration time by approximately 60%, reducing it
from 24.62 s to 9.8 s.

A study by Vistoso et al. [78] examined the impact of fertilizer solubility on yield and
pasture quality. Their findings indicated that fertilizers with higher solubility enhance
nutrient availability to plants, leading to improved yields and feed quality. Similarly,
Błaszczyk and Zakrzewska [79] emphasize that calcium fertilizers should exhibit high
water solubility to facilitate the rapid neutralization of acidic pH in soils.

3.9. Statistical Analysis of Obtained Results

The hierarchical cluster analysis successfully categorized the tested pellets into
five distinct clusters, labeled A–E, based on the material and process parameters of non-
pressure agglomeration of carbonate limestone with the addition of biomass waste and
selected binders.
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Figure 14. Disintegration time in water of granules obtained from mixtures of ECO-ZEC waste lime
with ground lime.

Cluster A exhibits the highest contents of Na, Na2O, and pH. This cluster also in-
cludes pellets with the highest bulk density and kinetic durability, as well as the smallest
percentage shares of the 0.5 mm and <0.5 mm fractions.

Cluster B, on the other hand, contains pellets with the highest contents of Ca and
CaO. Pellets in this cluster also show the lowest bulk density and the smallest percentage
shares of the 4.0 mm and 2.0 mm fractions, alongside the highest percentage share of the
8.0 mm fraction.

Cluster C is characterized by pellets with the lowest contents of Ca, CaO, S, and SO3

while exhibiting the highest contents of P, K, and heavy metals such as Cr, Mn, Fe, Co,
Zn, Cd, and Pb. Additionally, pellets in this cluster have the lowest kinetic durability, the
smallest percentage share of the 8.0 mm fraction, and the highest shares of the 4.0 mm,
2.0 mm, 0.5 mm, and <0.5 mm fractions.

Cluster D is distinguished by the highest contents of Mg, MgO, and N.
Finally, Cluster E contains pellets with the lowest levels of Na, Na2O, Mg, MgO, N, P,

K, and heavy metals (including Cr, Mn, Fe, Co, Zn, As, Cd, and Pb). This cluster is also
marked by pellets with the highest contents of S and SO3, and the lowest pH (Figure 15).

Furthermore, when objects and features were grouped simultaneously, the analysis of
material and process parameters for the non-pressure agglomeration of carbonate limestone
with the addition of biomass waste and a selected binder revealed five distinctly dissimilar
groups of objects.

The first group contained pellets characterized by the highest contents of Na, Na2O,
pH, bulk density, and kinetic durability (red), along with the lowest percentage shares of
the 0.5 mm and <0.5 mm fractions (green).

The second group consisted of pellets with the highest contents of Ca, CaO, and the
largest percentage share of the 8.0 mm fraction (red). These pellets also exhibited the lowest
bulk density and the smallest percentage shares of the 4.0 mm and 2.0 mm fractions (green).

The third group was characterized by pellets with the lowest contents of Ca, CaO,
S, SO3, kinetic durability, and the percentage share of the 8.0 mm fraction (green). These
pellets also had the highest contents of P, K, and heavy metals (e.g., Cr, Mn, Fe, Co, Zn, Cd,
and Pb) (red). Moreover, pellets in this group, which had the highest percentage shares of
the 4.0 mm, 2.0 mm, 0.5 mm, and <0.5 mm fractions (red), were grouped together.
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Figure 15. Dendrogram of hierarchical cluster analysis of pellets from carbonate limestone with the
addition of biomass waste and selected binder.

The fourth group included pellets with the highest contents of Mg, MgO, and N (red).
Finally, the fifth group consisted of pellets with the highest contents of S and SO3 (red),

along with the lowest contents of Na, Na2O, Mg, MgO, N, P, K, heavy metals (e.g., Cr, Mn,
Fe, Co, Zn, As, Cd, and Pb), and pH (green) (Figure 16).
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Figure 16. Graphical representation of results of simultaneous grouping of objects (pellets from
carbonate limestone with the addition of biomass waste and selected binder) and features (material
and process parameters of non-pressure agglomeration).
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PCA analysis facilitated the categorization of the analyzed pellets while preserving a
significant portion of the explained variance. This approach condensed the variable set into
two principal components (PC1 and PC2), indicating that the initial dataset of material and
process parameters from the non-pressure agglomeration of carbonate limestone, combined
with biomass waste and a selected binder, is highly correlated and therefore amenable
to reduction.

The first component (PC1) showed high negative loadings for the variables S and SO3

(−0.7928) and high positive loadings for Na, Na2O, and heavy metals, with values ranging
from 0.6881 to 0.9844. In contrast, the second component (PC2) exhibited high negative
loadings for Ni content and the percentage share of the <0.50 mm fraction (−0.7180 and
−0.7390, respectively), while Ca, CaO, and N displayed high positive loadings, ranging
from 0.9035 to 0.9623 (Figure 17).

Na

Mg

Ca

S

Cr

Ni

Cu

pH

N

Kinetic durability
Bulk density

8.0

4.0
2.0

0.5

x<0.5

40% ECO-ZEC

30% PPR

40% PPR

50% PPR

5% PPR+5% Fly ash

15% PPR+10% Fly ash

15% PPR+20% Fly ash

-1.0 -0.5 0.0 0.5 1.0

PC1:49.07%

-1.0

-0.5

0.0

0.5

1.0

PC
2:

20
.2

5%

Na2O

MgO

CaO

SO3

Mn

Fe

Co

Zn

As

Cd

Pb
P

K

10% ECO-ZEC

25% ECO-ZEC

55% ECO-ZEC

70% ECO-ZEC

18% PPR+22% Fly ash

15% PPR+30% Fly ash

15% Fly ash

25% Fly ash

35% Fly ash

Figure 17. Biplot of material and process parameters of non-pressure agglomeration of carbonate
limestone with the addition of biomass waste and selected binder showing first two principal
components (PC1 and PC2) of PCA model that together explain 69.32% of total variance, i.e., 49.07%
and 20.25% for PC1 and PC2, respectively. Blue biplot vectors indicate strength and direction of factor
loading for all analyzed variables.

4. Conclusions
The research conducted on the application of waste materials ECO-ZEC lime, PPR,

and fly ash as additives in the production of lime-based fertilizer granules has provided
valuable insights into their properties and potential for soil applications. The materials
studied exhibited various physical and chemical characteristics, such as moisture content,
particle size distribution, and elemental composition, which significantly influence the
performance of the produced granules. The findings highlight the role of these additives in
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improving the functional properties of fertilizers, including their bulk density, crushing
strength, dissolution time, and nutrient release patterns. Based on these observations, the
following conclusions can be drawn:

1. The raw materials, including carbonate limestone and the waste additives ECO-ZEC,
PPR, and fly ash supplied by ROLPOL, displayed relatively low moisture content.
Specifically, unground lime had a moisture content of 0.36%, while fly ash and PPR
additives exhibited slightly higher moisture values (0.40% and 1.82%, respectively),
with ECO-ZEC lime showing the highest moisture content of 8.17%.

2. In terms of particle size distribution, ground lime had a significant proportion of fine
particles, with 58.31% in the 0.25 mm fraction and 27.03% in the 0.125 mm fraction.
Unground lime, on the other hand, contained larger particles, with 42.05% in the
1.00 mm fraction and approximately 19.39% in the 0.50 mm fraction.

3. The waste additives ECO-ZEC, PPR, and fly ash exhibited very fine particles, re-
sulting in partial agglomeration during the sieving process, which could affect their
incorporation into the final granules. These fine particles contributed to the unique
characteristics of the granules produced.

4. When comparing bulk density values, unground lime exhibited a significantly higher
bulk density (660.53 kg·m−3) than ground lime (460.78 kg·m−3). Among the waste
additives, fly ash had the highest bulk density (536.35 kg·m−3), followed by ECO-ZEC
lime (382.78 kg·m−3), and PPR, which had the lowest bulk density (262.44 kg·m−3).

5. Regarding chemical composition, fly ash exhibited the highest sodium content, while
ECO-ZEC lime had the lowest. Magnesium content was highest in carbonate lime-
stone, with fly ash containing approximately half as much and ECO-ZEC having the
least. The calcium content in PPR was around 7% lower than in carbonate limestone,
while ECO-ZEC and fly ash had 20% and over 30% less calcium, respectively.

6. The granules produced from the mixtures of carbonate limestone and waste materials
ECO-ZEC, PPR, and fly ash showed CaO content ranging from 34% to 52%, indicating
their potential for use as lime-based fertilizers. However, due to their low magnesium
oxide (MgO) content, these granules cannot be classified as magnesium-containing
lime fertilizers.

7. The granules exhibited low sodium content, with the highest levels found in the
mixtures containing fly ash and the lowest in the ECO-ZEC mixtures. Additionally,
the heavy metal content in the granules was within permissible limits, with fly ash
mixtures exhibiting the highest concentrations of cadmium and lead.

8. The waste materials tested, ECO-ZEC, PPR, and fly ash, were highly alkaline, with
pH values ranging from 12.37 for fly ash to 8.82 for the provided carbonate limestone.
This alkaline nature indicates that the granules, when applied to soil, will not cause a
reduction in soil pH, thus preventing potential acidification.

9. The addition of waste materials such as fly ash and PPR increased the potassium oxide
(K2O) content, while the phosphorus pentoxide (P2O5) content remained moderate,
and nitrogen content was relatively low. These changes in nutrient content could have
an impact on the fertilizer’s suitability for various soil types and plant requirements.

10. The granules with 30% PPR exhibited comparable crushing strength (10.60 N) to the
standard granule, while the addition of 50% PPR significantly increased the crushing
strength to 14.00 N. The addition of ECO-ZEC lime to ground limestone caused a
slight decrease in crushing strength, with values lower than those of the standard
granule. However, the addition of fly ash resulted in a marked reduction in crushing
strength, which could affect the granule’s durability.
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11. Granules containing fly ash and PPR (above 10%) did not show disintegration during
dissolution tests, indicating that these could be classified as slow-release fertilizers,
potentially useful in applications where gradual nutrient release is required.

In conclusion, the results of this study provide a strong basis for the incorporation of
waste materials, such as ECO-ZEC lime, PPR, and fly ash, into lime fertilizer formulations.
The granules produced exhibited promising characteristics, including appropriate CaO
content and beneficial nutrient profiles, making them suitable for use in soil applications.
Furthermore, the incorporation of these waste materials contributes to the sustainability
of fertilizer production, providing an avenue for recycling industrial by-products into
valuable agricultural inputs.
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Prod. 2017, 6, 108–123.
4. GUS Rocznik Statystyczny Przemysłu 2019. Available online: https://stat.gov.pl/obszary-tematyczne/roczniki-statystyczne/

roczniki-statystyczne/rocznik-statystyczny-przemyslu-2019,5,13.html (accessed on 16 April 2025).
5. Vassilev, S.V.; Vassileva, C.G.; Baxter, D. Trace Element Concentrations and Associations in Some Biomass Ashes. Fuel 2014,

129, 292–313. [CrossRef]
6. Al-Fakih, A.; Mohammed, B.S.; Liew, M.S.; Nikbakht, E. Incorporation of Waste Materials in the Manufacture of Masonry Bricks:

An Update Review. J. Build. Eng. 2019, 21, 37–54. [CrossRef]
7. Mukhtar, A.; Qazi, A.U.; Khan, Q.S.; Munir, M.J.; Kazmi, S.M.S.; Hameed, A. Feasibility of Using Coal Ash for the Production of

Sustainable Bricks. Sustainability 2022, 14, 6692. [CrossRef]
8. EN 450-1:2012; Fly Ash for Concrete—Part 1: Definition, Specifications and Conformity Criteria. European Committee for

Standardization: Brussels, Belgium, 2012.
9. Zdunek, A.; Borowik, M.; Biskupski, A. Nawozy z Popiołów. In Chemia Przemysłowa; 2/2018; Kierunek Chemia: Warsaw,

Poland, 2018.
10. Belviso, C. State-of-the-Art Applications of Fly Ash from Coal and Biomass: A Focus on Zeolite Synthesis Processes and Issues.

Prog. Energy Combust. Sci. 2018, 65, 109–135. [CrossRef]

https://eur-lex.europa.eu/eli/dir/1999/31/oj/eng
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=wdu20130000021
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=wdu20130000021
https://stat.gov.pl/obszary-tematyczne/roczniki-statystyczne/roczniki-statystyczne/rocznik-statystyczny-przemyslu-2019,5,13.html
https://stat.gov.pl/obszary-tematyczne/roczniki-statystyczne/roczniki-statystyczne/rocznik-statystyczny-przemyslu-2019,5,13.html
https://doi.org/10.1016/j.fuel.2014.04.001
https://doi.org/10.1016/j.jobe.2018.09.023
https://doi.org/10.3390/su14116692
https://doi.org/10.1016/j.pecs.2017.10.004


Materials 2025, 18, 2732 25 of 27

11. 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]

12. Yao, X.; Xu, K.; Li, Y. Physicochemical Properties and Possible Applications of Waste Corncob Fly Ash from Biomass Gasification
Industries of China. BioResources 2016, 11, 3783–3798. [CrossRef]
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