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Abstract: The latest World Food Security Outlook predicted stabilization in global food security by
2024; however, nearly one billion people still face the threat of food insecurity. Fertilisers, crucial for
maximizing crop yields, are the subject of scrutiny due to their environmental impact and health
concerns. Efforts are being made to use fertilisers more efficiently and maintain soil nutrient balance
to address these issues. In this research, different solid and liquid wastes from the food industry
were used to granulate organic biofertilisers with a rotary drum granulator. This included buckwheat
biomass (BBM), buckwheat husks (BH), buckwheat husk ash (BHA), bone meal (BM), molasses
solution (MS), and beaten eggs (BE). Using standardized fertiliser testing methods, it was found that
the biofertilisers produced by the drum granulator comply with the requirements for bulk fertilisers,
as they are rich in plant nutrients, the static strength of their granules is high (7-14 N/granule),
and their moisture content is higher (4-8%) than that of conventional mineral fertilisers, but the
hygroscopicity of the granules when stored in standard conditions (30-60% humidity, temperature of
20-25 °C) is low. Due to their slightly alkaline pH, it is likely that such fertilisers could be used in
acidic soils and would have a double effect—they would improve plant growth and soil properties
(increase the amount of organic matter and reduce acidity).
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1. Introduction

The latest World Food Security Outlook suggested that global food security should
be expected to stabilize in 2024. However, the threat of food insecurity still looms over
nearly one billion people [1]. For decades, and at present especially, many questions
have been raised about how we can continue to feed the growing global population [2,3].
The agriculture industry has always been the backbone of global food production and
fertilisers play a critical role in maximizing crop yields. Achieving optimal crop yields
while minimizing environmental impact is a key goal for farmers [4]. A large part of this
effort is proper fertilization, which involves the precise combination of nutrients.

This has resulted in further development of the fertiliser industry and the production
of commercial fertilisers. Fertilisers provide nutrients that are essential for the development
and growth of plants [5-8]; however, recently, they have acquired somewhat negative
connotations and a mixed reputation. This view has been formed as a result of excessive use,
and its negative impact on soil properties and human health [9-12]. Today, suppliers and
fertiliser manufacturers are attempting to use fertilisers more efficiently and are focusing on
maintaining the balance of soil nutrients and microorganisms for specific crop soils [13-16].
According to the World Bank, global waste generation is expected to increase by 70% by the
year 2050 [17]. Recycling waste into fertiliser is often a part of broader initiatives to promote
a circular economy and reduce the environmental impact of waste disposal. According to a
report by the Food and Agriculture Organization (FAO), the global volume of food wastage
is estimated to be 1.6 Gt of “primary product equivalents”, while the total wastage for the
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edible part of food is 1.3 Gt [18]. The process typically involves converting organic waste,
such as plant residues, plant and animal by-products (bone meal, fish meal), food scraps,
and other food waste into nutrient-rich fertilisers through composting or other conversion
methods [19-22].

The circular economy concept emphasizes the importance of closing the loop in the
production—consumption cycle by reusing organic waste to create valuable resources (fer-
tiliser) rather than sending it to landfills [23]. Recycling waste into fertilisers helps divert
organic waste from landfills, thus reducing the overall volume of waste and mitigating the
methane emissions associated with decomposition; using organic fertilisers derived from
recycled waste in improving soil structure, fertility, and water retention contributes to sus-
tainable and regenerative agricultural practices; they promote plant growth and reduce the
need for synthetic fertilisers [24]. One simple and traditional solution to waste management
lies in the transformation of organic waste into compost [25-27] or vermicompost [28-30].
The resulting compost can be used to enhance soil fertility, reduce the need for chemical
fertilisers, and promote sustainable agriculture practices.

Another popular and easily implemented method of waste utilization is pyrolysis.
Pyrolysis involves thermal decomposition of organic waste in the absence of oxygen,
resulting in the production of biochar, bio-oil, and non-condensable gases. While biochar
serves as a carbon-rich soil amendment and fertiliser, other components are not suitable for
fertilization and must be further recycled [31-33].

Fertilisers, as products with a higher added value, are supplied in liquid form as
solutions, or in a solid form. Solid fertilisers are created through bulk pressing, prilling,
or granulating [34,35]. These granules combine various raw materials with essential
micronutrients to create balanced and nutritionally rich granules and therefore are a key
factor in ensuring healthy plants, exceptional growth, disease resistance, and optimized
yields. Fertiliser granulation is a process where fertiliser particles become attached to each
other through agglomeration. The process of agglomeration transforms powdered raw
materials into spherical granules ranging from 2 to 5 mm in size. Due to particle size,
physical form, and other physical properties, granular fertilisers are considered to be the
most efficient option for application to soil by spreading machines.

Waste from other processes (animal or plant residue) could be used as a raw material
for fertilisers. However, difficulties in packaging, transporting, storage, and spreading bulk
organic residue lead to a more localized use of fertiliser [36-38]. Granular fertiliser made
from waste or organic residue is increasingly being suggested, but the compatibility of
other raw materials needs to be evaluated.

There are several methods that can be used in the granulation process for fertilisers:
pan granulation, drum granulation, extrusion granulation, roller press granulation, and
fluid bed granulation. The choice of method and equipment depends on factors such as the
specific characteristics of raw materials, the desired granule properties, and the scale of
production. Each method has its advantages and limitations, and the choice between them
should be based on the specific requirements of the organic fertiliser production process
used [39-41]. As technology has advanced, fertiliser manufacturing with rotary discs was
replaced by rotary drum granulation. During this process, raw materials are added to a
rotary drum together with steam or hot water. The rotation effect, with proper temperature
and humidity, results in a granulated product which needs to be dried/cooled [42,43].

In conclusion, waste—fertiliser conversion breakthroughs offer immense potential in
advancing sustainability and addressing the challenges associated with waste management.
The growth of the organic fertiliser market is mainly attributed to the increasing demand for
organic foods, rising awareness about environmental safety, advances in organic fertiliser
manufacturing processes, and the abundant availability of organic waste. In terms of
value, the organic fertiliser market is expected to reach a value of USD 15.9 billion by
2027 [44]. As we continue to explore and invest in such solutions, we move closer to a
greener and more sustainable future. Considering changes in soil health, the need for
environmentally friendly organic fertilisers, and the amount of waste generated in the food
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industry, this study aimed to create easy-to-use, high-quality granular organic biofertilisers
from different wastes from the food industry. Waste accumulated in Lithuania (buckwheat
production, animal waste utilization, sugar industry, poultry farming) was used in the
study, but such waste can be found in any country, so the conducted research is relevant
and significant on a global scale. According to Jha et al., buckwheat is one example of
an underutilized crop species, despite having an abundance of nutritional and bioactive
components [45]. Therefore, the aim of this work is to propose a waste—organic fertiliser
production technology using different wastes from the food industry.

2. Materials and Methods
2.1. Raw Materials for Organic Biofertiliser Production

During the production of buckwheat groats at the company “Ekofrisa” (Naraukelio
village, Prienai district, Lithuania) wastes such as buckwheat biomass (BBM), buckwheat
husks (BH), and buckwheat husk ash (BHA) are generated in the bio-boiler. “Ekofrisa”
accumulates 600 tons of raw biomass (BBM), 700 tons of buckwheat hulls (BH), and
110 tons of ash (BHA) per year. This is solid waste with different physical properties
and chemical compositions; however, all of it contains nutrients which plants need [46].
Bone meals (BMs) from the joint Lithuanian-Latvian company “BIOVAST” (Kalakutiskes
village, Rietavas district, Lithuania) which processes all categories of animal by-products,
makes products (proteins, bone meal) which, depending on the category, can be used in
the feeding, fertiliser, fuel, soap, and cosmetics industries [47]. About 50,000-60,000 t of
animal waste is processed by “BIOVAST” and about 4000 t of bone meal (BM) is produced
from it. Two liquid substances—molasses solution (MS) and broken eggs (BEs)—are used
as a binder. The yield of molasses (MS) from the mass of beets accounts for 3-4%, so
about 10,000 tons of molasses are produced by the company “Lietuvos cukraus fabrikas”
(Marijampolé, Lithuania) in one season (from September to January). The composition
of molasses depends on the climatic conditions of the beet growth, on the conditions of
beet cultivation (e. g. fertilization), and the technological regime of beet processing. The
composition of molasses (“Lietuvos cukraus fabrikas”) varies within the following ranges
(%): dry particle content ranges from 76 to 82, sucrose content varies within the range 46-51,
non-sugar substances range from 32 to 34, reducing materials vary within the range of 0.5-
2.5, raffinose falls into the interval between 0.6 and 1.4, lactic acid ranges from 4 to 6, acetic
acid varies within the interval of 4-8, and conductometric ash ranges from 6 to 10. Molasses
also contains microelements (the interval of 80-600 mg/kg contains concentrations of Fe,
Mn, Cu, Co, Si, and Mo) and heavy metals (less than 10 mg/kg of Ni, Cr, Pb, and Sn). An
analysis of molasses was carried out in accordance with the EU Commission Regulation
(EB/152/2009) and the relevant standards [48-50]. Broken eggs (BEs) in poultry farms
comprise up to about 1-2 percent of production, i.e., about 800-1000 kg per day, and this is
a big problem. In this experiment, Bes waste was prepared by blending eggs with shells in
a Conair Waring laboratory blender (Merck KGaA, Darmstadt, Germany).

2.2. Plant Nutrient Concentration

The concentrations of primary plant nutrients N (as Nyota1), P (as P2Os), and K (K,O) in
the granular fertilisers were determined using the standard fertilisers analysis methods: LST
EN 13654-1:2002; LST EN 13650:2006 [51,52]. The nitrogen concentration was determined
according to the Kjeldahl method with a Gerhardt VAPODEST 45s (C. Gerhardt GmbH &
Co. KG. Koenigswinter, Germany) distiller. Organic raw materials were mineralized with
concentrated HySOy. After mineralization, the sample was titrated with 0.2 N HCl using
an automatic Kjeldahl titration system. The phosphorus content in the biofertilisers was
determined using the yellow colour spectrophotometric method with a PG Instruments
Limited T70/T80 UV-VIS spectrophotometer (PG Instruments Limited, Lutterworth, UK).
Absorbance was measured in standard rectangular 10 mm path optical glass cuvettes,
compared with a blank, at 450 nm. The standard solution was prepared by dissolving
1.9175 g of KH,POy in concentrated H,SO4 and diluting it to 1 dm? with distilled water.
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The standard solution was used to plot the calibration curve. Flame photometry was
used to determine the potassium concentration in the samples. A JENWAY Model PFP7
(Cole-Parmer Ltd., Staffordshire, UK) flame photometer was used for this study. A standard
solution of 0.1 mg/cm3 was prepared to plot the calibration curve. The concentrations of
secondary plant nutrients, calcium (as CaO) and magnesium (as MgO), were determined
by complexometric titration using different indicators (chalcone carboxylic acid and dark
blue chromogen, respectively) and titrating with 0.025 N Ethylenediaminetetraacetic acid
solution.

The following chemicals were used for the chemical analysis: potassium chloride
(KCI) p. a., “Reachem”, Bratislava, Slovakia; sodium alkali (NaOH) p. a., “Reachem”,
Bratislava, Slovakia; hydrochloric acid (HCI) p. a., “Chempur”, Warsaw, Poland; sulfuric
acid (H2SOy4) p. a., “Chempur”, Warsaw, Poland; nitric acid (HNO3) p. a., “Lachema”,
Brno, Czech Republic; boric acid (H3POy) p. a., “Chempur”, Warsaw, Poland; potassium
dihydrogen phosphate (KH,PO4) p. a., “Reachem”, Bratislava, Slovakia; ammonium
molybdate (NH4)sMo70,4 4H0) p. a., “Sigma Aldrich”, Burlington, MA, USA; ammo-
nium vanadate (NH4VO3)) p. a., “Chempur”, Warsaw, Poland; ethylenediaminetetraacetic
acid (C1oH16N20g)), p. a., Unichem, Hamburg, Germany; distilled water.

2.3. Organic Matter Content

Organic matter (or ash) content (%) was determined according to the modified LST EN
13039:2012 standard. Samples of the raw materials, without additional pretreatment, were
placed in a porcelain plate and dried at 90 °C in a laboratory dryer until a constant weight
was achieved. The samples were weighed with an accuracy of £0.001 g. and the dried
samples were then reduced to ash at 900 °C in a muffle furnace SNOL 82/1100 (UAB Umey,
Utena, Lithuania) for 1 h. The porcelain plates with the ashes were cooled and weighed
on a scale with an accuracy of +0.001 g. The organic matter content in the samples was
calculated based on the weight loss [53]. The measurements were repeated twice to ensure
the reliability of the results.

2.4. Granulation of Biofertilisers

A laboratory drum granulator—dryer (a prototype of the granulator that is used in
the production of commercial bulk fertilisers) was used to granulate waste-to-organic-
biofertiliser. The particles of solid raw materials (BBM, BH, BHA, BM) measured < 2 mm in
diameter; different amounts of liquid phase, i.e., MS (ration molasses/water = 1:1 and 1:2),
and BEs were used for the granulation process. Dry raw materials were qualitatively mixed,
and then a liquid binder was added to the mixture of the raw materials and qualitatively
mixed again. The granulation process was carried out according to the following conditions:
the drum tilt angle was 5°, the rotation speed was 26 rpm/min, the operating temperature
ranged from 65.1 £ 1.4 to 75.1 & 1.8 °C, and the granulation cycle time was 10-15 min. The
granulation experiment, which gave the best granulometric composition, was repeated
three times to ensure the reliability of the results.

2.5. Size Distribution of Granular Biofertilisers

The particle distribution by diameter was determined using RETSCH (Retsch, GmbH,
Haan, Germany) woven-wire sieves with aperture sizes of 0.2 mm, 0.5 mm, 1 mm, 2 mm,
3.15mm, 4 mm, 5 mm, and 7 mm. Each fraction of different diameter granules was collected,
weighed, and expressed as a percentage by mass. The commercial fraction of the product
consisted of granules measuring 2-3.15 mm and 3.15-4 mm in size. Granules smaller than
2 mm and larger than 4 mm were collected separately; these can be returned to the process
for recycling.
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The average particle size of the fraction (dsp) is a very important indicator of fertiliser
technology efficiency and product sales. This is indicated as the size, which is smaller than
50% of the product mass and is bigger than 50% of mass. It was calculated [54] as follows:

(50 — Cp)
(Cn+l - Cn)

where Z,—nominal sieve mesh size in mm, whose cumulative approaches but does not
exceed 50% of the weight; Z,.,1—the nominal sieve mesh size in mm, whose cumulative
approaches and exceeds 50% of weight; C,—cumulative weight in % on sieve n; C;41—
cumulative weight (%) on sieve n+1.

Size guide number (SGN)—the diameter of the fertiliser granules based on the
median—was calculated from the results of granulometric composition:

d50 =Zn+ (Zn+l - Zn) (1)

SGN = d50-100, mm (2)

This means that half of the fertiliser granules are larger than the set SGN and another
half are smaller [55-57].

2.6. Moisture Content of Granules

The moisture content of individual raw materials, each granulation mixture, and
each granulated commercial product (the size of granules 2-3.15 mm and 3.15-4 mm) was
determined with an electronic moisture analyser KERN MLS 50-3HA160N (KERN & Sohn
GmbH, Balingen, Germany). The drying program uses a uniform increase in temperature
of up to 120 °C, and the obtained moisture content result is given as a percentage. The
measurements were repeated three times to ensure the reliability of the results.

2.7. Static Crushing Strength of Granules

The commercial fraction granules measuring 2-3.15 mm and 3.15-4 mm in diameter
were separately used for static crushing strength measurements. To perform this study,
20 granules that were similar in size and shape were selected from each fraction. A crushing
strength tester IT1I"-2 (AO “YHUXIUM c O3”, Yekaterinburg, Russia) was used during the
experiment [57]. Crushing strength is defined as the amount of compression (expressed as
N/granule) applied to the granule until the first crack. Reliable measurements range from
5 to 200 N/granule.

2.8. pH Determination

To measure the pH values of the granulated product, the granules were filled with
water (10% solution of biofertilisers), kept for 24 h, and filtered using a Buchner filtration
system with a porcelain filter and a water pump. The pH values were determined with
HANNA instruments: pH 211 microprocessor (HANNA instruments, Woonsocket, RI,
USA) and pH-meter (pH accuracy +0.01 pH, pH resolution 0.01 pH, measurement limits
—2—+16 pH, temperature measurement interval —9.9-+120 °C).

2.9. Tapped Bulk Density

The bulk density of the biofertilisers was measured in accordance with European
Standard, DIN EN 1236 [58] (tapped density). The general principle is to weigh the contents
of a graduated 100 cm?® cylinder. For the tapped density, the cylinder is subject to vibrations
and compaction occurs until a constant volume is reached. The calculated mass difference
between the empty cylinder and the cylinder with the material is equal to the mass of the
tapped material per volume unit. The bulk density (tapped) is expressed in grams per
cubic centimetre (g/cm? or kg/m?). The measurements were repeated twice to ensure the
reliability of the results.
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2.10. Hygroscopicity of Granular Biofertilisers

The study was performed by placing weighed biofertiliser granules of commercial
fraction (2-4 mm size) into a porcelain dish and into a desiccator of two different environ-
ments: saturated water vapor and saturated sodium nitrite solution vapor. To determine
the amount of moisture absorbed, the analysed samples were weighed daily until they
reached a constant weight, or until mould began to be observed in the samples. During the
experiment, the temperature in the water-filled desiccator was 21.5 & 0.4 °C and the relative
humidity was 99.5 + 1.1%. The temperature in the desiccator filled with saturated sodium
nitrite solution was 21.8 & 1.6 °C, with a humidity of 62.4 &= 1.2%. The measurements were
repeated twice to ensure the reliability of the results.

2.11. Scanning Electron Microscopy and Energy-Dispersive Spectroscopy Analysis

The morphological structure of biofertilisers was determined using a scanning elec-
tron microscope and energy-dispersive spectroscopy (SEM-EDS). Surface morphology,
elemental composition, and a map of the elements were determined using the scanning
electron microscope model S-3400N, (“Hitachi”, Tokyo, Japan). It has a built-in Bruker
Quad 5040 EDS detector (“Hitachi”, Tokyo, Japan). The electron source was a pre-centred
cartridge-type tungsten hairpin filament. The electron acceleration voltage was 15 kV. A
secondary electron detector was used to produce a topographic SEM image.

2.12. Statistical Analysis

The studies on the properties of granular organic biofertilisers were repeated several
times to ensure the reliability of the obtained results and to eliminate random errors. The
results were expressed as the arithmetic mean of no less than three measurements +
standard deviation (SD). The results were calculated with 95% probability. In all cases,
the significance level was p < 0.05. One-way analysis of variance (ANOVA) was used to
evaluate the differences of the means between groups.

3. Results and Discussion

All the above raw materials were mixed in various ratios and granulated by wet
granulation with a drum granulator to obtain spherical granules. Different amounts of
liquid binder (MS or BE) were used to improve the agglomeration of organic raw materials.
Eight different fertiliser compositions were created from the above-mentioned dry raw
materials and a binder:

L 20% BHA + 40% BH + 40% BBM + BE
IL. 20% BHA + 40% BH + 40% BBM + MS
III. 40% BHA + 30% BH + 30% BBM + BE
IV. 40% BHA + 30% BH + 30% BBM + MS
V. 20% BHA + 20% BH + 20% BBM + 40% BM +BE
VL 20% BHA + 20% BH + 20% BBM + 40% BM +MS
VIL 40% BHA + 10% BH + 10% BBM + 40% BM +BE
VII.  40% BHA + 10% BH + 10% BBM + 40% BM +MS

Percentages of raw materials in the initial stage (compositions I-IV) were selected
based on the amount of relevant waste generated in the industry. After analysing the
properties of the granulated product with this composition, it was determined that the
granules are not strong enough (less than 5 N/gran), so bone meal was additionally added
to their composition (compositions V-VIII). Based on the chemical composition of bone
meal [59,60] and personal experimental experience, it was assumed that its addition to the
composition will increase the strength of granules and enrich organic biofertilisers with
phosphorus and calcium.

According to compositions I-1V, when the moisture content of the raw material mixture
ranged from 34% to 46%, the amount of commercial fraction (2-4 mm) of granulated
fertilisers was up to 60%. The main properties of these granules vary depending on the
ratio of solid raw materials, the binder used, and its amount. After granulating the mixture
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of raw materials, which contained less BHA than BH and BBM (compositions V, VI), the
moisture content of the commercial product (2-4 mm) after drying was 5-7% with BE
binder and 4-6% with MS binder. Prevalence of BHA over BH and BBM (compositions VII,
VIII) resulted in similar (4-6%) moisture content of the commercial product.

The pH value of the 10% solution of the granular product was slightly higher when
more ash was used compared to the product containing less ash, i.e., 10 and 8-9%, respec-
tively. This is completely understandable and explained by the high alkalinity of the ash. It
was observed that the binder does not affect the pH of the product.

The bulk density of the commercial product is slightly higher in the case where the
mixture of raw materials contains more BHA than BH and BBM, i.e., in compositions III
and IV, because the initial bulk density of ash is higher than that of other waste from the
buckwheat groats industry.

However, when measuring the strength of the granules, it was found that the granules
are very plastic and their static crushing strength is lower than the measuring limit of the
device, i.e., less than 5 N/granule. Such plastic granules are not suitable for storage and
transportation, so the fertiliser composition was changed by adding BM (compositions V=VIII).

Granulated and dried biofertilisers of compositions V-VIII were fractionated to deter-
mine the dependence of the granulometric composition and the amount of the commercial
fraction on the composition of the raw material mixture (V-VIII) and moisture. As can
be seen from Figure 1, the granulometric composition of individual compositions differs,
but common features can also be found. In the case when the moisture content of the
raw material mixture is between 31 and 34%, the 2-3.15 mm size fraction prevails, but
many 1-2 mm size granules are also formed. As the moisture content of the raw material
mixture increases (35-36%), the number of larger granules increases. The highest quantities
(57-68%) of the commercial fraction of biofertilisers of different compositions (2-3.15 and
3.15-4 mm size granules) are obtained at a 32-35% moisture content of raw materials.

It can also be concluded from the presented results that, when a lower amount of
BHA is used (composition V and VI), more binder is needed to obtain a large amount of
commercial fraction. The type of the binder does not significantly affect the amount of the
commercial fraction.
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Figure 1. Dependence of the granulometric composition and the amount of the commercial fraction on
the moisture content and composition of the raw material mixture: (a) composition V; (b) composition
VI; (¢) composition VII, and (d) composition VIIL The arrow shows on which axis the data is presented.

The granulometric composition of the granulated product is directly related to two other
parameters, dsy or SGN, which are usually called the characteristics of the granulated fer-
tiliser. SGN measurements are essential when creating a bulk blend; however, they are
important for all granular products, as these numbers indicate the uniformity of the fer-
tiliser granules. Fertilisers (for bulk-blended fertilisers) with SGNs that have no more
than a difference of 10 [61] are preferred because, as the difference in SGN increases, the
unevenness of the fertiliser particle size increases, which leads to a high risk of product
segregation during storage and spreading. In this study, these parameters (d5) and SGN)
were also calculated and the SGNs of different samples are presented in Table 1.

Table 1. SGN values of biofertiliser samples.

Composition V Composition VI Composition VII Composition VIII
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
192 181 231 - - 170 166 - - 177 187 236 - 241 259 257

The obtained data show that not all cases produce enough granular product to calculate
the SGN. An insufficient marketable fraction may be the result of using too little or too
much binder. The difference between the SGNs of the fertiliser (Table 1) compositions VI
and VIII (MS binder) is not great (less than 20) and it can be expected that spreading such
fertilisers will be successful enough. However, in compositions V and VII (BE binder),
the SGN difference is large (50-59), which means that the amount of BE has a significant
influence on the granulometric composition. In this case, it is necessary to ensure a very
homogeneous mixing of the raw materials before the mixture reaches the granulator.

The moisture content of the raw material mixtures prepared for granulation, as well
as the physical properties of the granular product after drying at 80 °C to a constant mass,
are presented in Table 2. These results, calculated with a 95% probability and standard
deviation (£SD), are presented with each average value to provide an estimate of the
variation in the data.
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Table 2. The main properties of the granular organic biofertilisers.
Moisture The Main Properties of Organic Biofertilisers
Content of . . . . .
Amount of Commercial Static Crushing Strength Bulk Density (Tapped) of Moisture Content of o
Sample No. M::::rals Fraction, % of Granules, N/Granule Granules, kg/m? Granules, % %I::iﬁilsgr/
Mixture, % 2-3.15 mm 3.15-4 mm 2-3.15 mm 3.15-4 mm 2-3.15 mm 3.15-4 mm 2-3.15 mm 3.15-4 mm Solution
V. 20% BHA + 20% BH + 20% BBM + 40% BM +BE
34.43 + 18.09 &+ 446.01 £ 435.73 £
1 31.34 042 013 7.89 £0.52 8.50 £0.26 041 120 6.63 £ 0.15 6.80 £ 0.30 9.75 +£0.11
37.68 £ 19.46 + 10.97 + 454.59 + 44131 £
2 33.08 0.61 018 9.21 £0.21 0.41 3.70 221 4.69 £0.27 5.31 £0.42 9.65 £ 0.42
31.64 £ 23.99 + 477.52 £ 473.38 £
3 35.11 021 052 8.74 £0.17 9.60 £+ 0.14 329 333 575+0.21 577 £0.21 9.65 + 0.16
16.69 + 23.65 £ 13.46 + 503.02 £ 500.43 £
4 36.82 0.21 012 9.71 £ 0.54 033 711 394 4.71 £0.02 490 £0.12 9.90 £ 0.57
VI. 20% BHA + 20% BH + 20% BBM + 40% BM +MS
3732 11.64 = 10.35 + 521.03 £ 489.67 £
5 33.21 033 059 8.44 +£0.18 028 178 3923 3.84 +£0.54 3.93 £0.11 9.45 +0.22
44.83 £ 17.83 + 12.39 + 492.12 + 488.77 £
6 34.56 0.59 036 7.98 + 0.44 041 6.4 208 3.33 £0.30 3.48 £ 0.02 9.45 £ 0.16
48.79 £ 18.20 & 10.54 + 512.63 £ 500.91 £
7 35.21 056 012 9.12 £ 0.56 033 501 213 3.26 £3.30 4.03 £ 0.08 6.32 £0.26
10.72 + 2597 £ 11.68 + 13.22 + 505.14 + 500.62 £
8 36.33 046 019 0.71 014 376 6.34 348 £1.32 4.66 £0.38 9.45 £ 0.33
VII. 40% BHA + 10% BH + 10% BBM + 40% BM +BE
37.09 £ 12.87 &+ 10.94 + 511.68 £ 497.82 £ 10.30 +
9 31.19 0.44 0.20 7.92 +0.18 011 491 318 5.68 £0.26 5.82 £ 0.54 0.18
4297 £ 2523 + 11.84 + 1217 + 530.28 + 531.53 £ 10.35 +
10 32.10 059 016 0.44 0.18 6.13 510 5.63 £0.42 5.90 £0.33 0.26
29.14 + 2713 £ 10.43 &+ 15.57 + 567.81 £ 565.78 £ 10.35 +
1 33.28 0.33 0.21 0.34 0.62 5.14 1.01 4.67+0.06 4.94+0.18 0.21
23.46 £ 27.44 + 13.42 + 549.72 £ 531.33 £ 10.35 +
12 34.44 012 030 8.60 £0.26 0.08 3.04 262 489 £0.11 4.90 £ 0.08 011
VIIIL. 40% BHA + 10% BH + 10% BBM + 40% BM +MS
30.35 £ 10.63 + 554.42 + 551.22 £ 10.25 +
13 30.93 012 8.34 £0.31 8.35 £ 0.36 011 481 212 3.70 £ 0.08 3.79 £ 0.04 054
4045 £+ 18.66 + 10.83 + 18.73 + 608.63 £ 607.11 + 10.30 +
14 272 056 052 050 021 6.67 554 >45£030 610013 033
43.04 + 24.85 + 14.61 + 14.87 + 619.88 + 607.69 + 10.30 +
15 33.50 051 0.42 011 018 456 313 5.68 £0.17 6.17 £0.11 033
31.21 + 30.64 + 11.41 + 15.82 + 596.14 + 591.23 £ 10.35 +
16 3421 028 059 0.41 036 221 5.38 480£021 564021 0.42

Since the commercial fertiliser fraction does not consist of granules of one particular
size, it is important to know whether products of different sizes have the same, very similar,
or different properties. To evaluate this, granules from two fractions (2-3.15 mm and
3.154 mm) were analysed. As can be seen from the data in Table 2, in cases where the
moisture content of the raw material mixture is between 31 and 36%, more granules with a
size of 2-3.15 mm are formed. However, when the moisture content of the raw material
mixture is higher than 36%, larger granules are formed, i.e., 3.15-4 mm in size (samples 4
and 8).

This ratio between smaller and larger granules is not very favourable when evaluating
the product in terms of static strength, because the 3.15-4 mm granules have higher
strength. For example, in composition V, the strength of smaller granules varies between
7.89 and 9.71 N/granule, and in case of the larger ones, strength values fall into the interval
of 8.50-13.46 N/granule; in composition VII, strength values range between 7.92 and
11.84 N/granule and 10.94-15.57 N/granule, respectively. It should be noted that the
strength of the granules also depends on their composition. It is very important to note
that, in compositions V-VIII, when BM was added to other raw materials, all granules
became much stronger. When BE was used as a binder, granules with a raw material ratio
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of BHA:BH:BBM:BM = 2:2:2:4 (composition V) were weaker than granules from the raw
material ratio BHA:BH:BBM:BM = 4:1:1:4 (composition VII). Analogous results can be seen
in the case where MS was used as a binder. This means that BM and a higher BHA content
increases the strength of the granules, and the waste from the buckwheat groat industry
determines their plasticity. However, the origin of the binder does not significantly affect
the strength of the granules. Based on the obtained data, it can be stated that the strength
of the granules of the commercial fraction of compositions V-VIII is sufficient to spread
them widely and to use the spinner disk at a high speed (>800 rpm) [61].

Another parameter of fertilisers that is important in determining properties such as
granule static strength and bulk density is the moisture content of the commercial product.
The moisture of mineral NPK fertilisers cannot exceed 2-3% [62,63], but when producing
fertilisers from organic and biodegradable materials and using binders such as MS or
BE, it was not possible to dry them up to the limit specified for mineral fertilisers. The
moisture content of the granules was directly related to the size of the granules, i.e., larger
granules had a higher moisture content. However, the difference was small. The moisture
content of the commercial product also depends slightly on the binder used. With BE
(compositions V and VII), the moisture content of the granules was slightly higher than
with MS (compositions VII and VIII) at 4.39-6.80% and 3.26-6.17%, respectively.

Because, like all solid materials, fertilisers are compacted during transport or longer
storage [64], the tapped bulk density of both fractions was measured, and it was found
that the numerical value of this parameter depends very little on the size of granules.
The bulk density of the raw materials (ground to particles smaller than 1 mm) was quite
low and different: 503.2 kg/ m3 of BHA, 476.7 kg/ m3 of BH, 497.5 kg/ m?3 of BBM, and
680.71 kg/m? of BM. This is in accordance with Malmgren’s statement: typically, fluffy
and dry materials such as dry sawdust, straw, grass, and shredded paper are lighter than
200 kg/ m? [65]. However, after they are mixed, moistened with a binder, and granulated,
the difference between the produced granules of the same compositions was small. As can
be seen from Table 2, the data of bulk density vary: between 435.7 g/ cm? and 503.0 kg/ m3
for composition V; between 489.7 kg/m? and 521.0 kg/m? for composition VI; between
497.8 kg/m? and 567.8 kg/m? for composition VII; between 551.2 kg/m? and 619.9 kg/m?
for composition VIII. Analysing the influence of the composition, it can be stated that the
tapped bulk density of the biofertilisers increases with the use of greater amounts of BHA
and MS; however, the change is not significant. Similar bulk density is an important and
positive factor, because, in this case, a constant storage volume is required, segregation
during transportation is reduced, and the uniform spreading of fertilisers in the fields is
ensured. A high bulk density is very important in packaging and transportation and is
desirable as it can significantly reduce costs. However, since it is determined not only by
the chosen granulation method but also by the raw materials, which in this case are light,
the bulk density of the produced biofertilisers is not very high and does not equal the
density of mineral NPK fertilisers, which is 900-1100 kg/m?> depending on the kind [66].

Analysis of the pH values of these organic biofertilisers shows that they are alkaline.
A greater amount of BHA in the mixture of raw materials (compositions VII and VIII)
increases their alkalinity from about 9.5 to 10.4. It is likely that such fertilisers could be
used in acid soils and act as liming agents.

Particle shape can vary among fertilisers and can be classified as round (spherical or
egg-shaped), cubic, rectangular, or irregular. The shape can influence the behaviour of
material during conveyance and fertilization. Round particles generally roll along and
then roll off the spinner vanes. Irregularly shaped particles tend to slide along the vanes;
here, the coefficient of friction is more influential on particle dynamics, such as exit velocity,
than it is in the case of spherical particles [67]. In this case, irregularly shaped granules
are spread on the soil surface less evenly than spherical ones. Therefore, the shape and
homogeneity of fertilisers of different compositions were evaluated both visually (Figure 2)
and by SEM-EDS methods (Figure 3).
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Figure 2. Images of granular product (size 3.15-4 mm) samples: (a) 2; (b) 7; (c) 10; (d) 15.

From the photos in Figure 2, it can be seen that the shape of the granules is spherical
in all cases, but there are more angles and irregularities when the BE binder was used
(composition V and VII). This can be explained by the fact that it was more complicated to
mix raw materials, because BE itself is not in a homogeneous liquid phase. It is possible to
draw the same conclusion from the results of the PGI analysis—it is necessary to ensure a
very homogeneous mixing of the raw materials before they reach the granulator.

Although the general shape of the biofertiliser granules can be seen from the pho-
tographs, a more accurate evaluation of the shape and homogeneity of the granules came
from the SEM-EDS data. It can be seen from the presented SEM photographs that, when
BE was used for agglomeration of dry raw materials (Figure 3a,c), the granules were spher-
ical, but they were quite angular and their surface was rough, with cavities and bumps.
Meanwhile, when MS was used as a binder (Figure 3b,d), the granules were round, and
their surface was more uniform. These differences in granule shape and surface can be
explained by the physical properties of the binder. BE is a heterogeneous system consisting
of both liquid (egg yolk and protein) and solid (crushed eggshell) phases, so its uniform
distribution among dry raw materials is problematic. MS, on the other hand, is a homo-
geneous solution that, after mixing, distributes itself evenly throughout the raw material
mixture and fills the spaces between the particles without any problems.

Analysing the EDS maps of elements, it can be seen that the elements are distributed
quite evenly on the surface. The spectra show the same main elements arranged in an
analogous sequence according to decreasing concentration: carbon, oxygen, potassium,
calcium, sulphur, phosphorus, etc. However, the concentration of these elements varies in
different samples. Fertiliser compositions VII and VIII, with higher BHA content, contain
less carbon (~25-30%) but more potassium (~22-26%) compared with fertiliser composi-
tions V and VI, with lower BHA content. Here, the carbon content is ~32-38% and the
potassium content is ~8-10%. All the tested fertiliser samples contained 2-4% S, 4-6% Ca,
and up to 3% Mg. However, it is very strange that nitrogen was not found when testing
fertilisers using this method, although its concentration is not low and ranges from 3.56%
to 4.73% when chemical analysis methods (Table 3) are applied.

Table 3. Concentrations of primary and secondary macronutrients in the biofertiliser samples.

Primary and Secondary Macronutrients, % Organic
Sample o
Niotal P,O5 K,O CaO MgO Matter, %
2 4.73 4.26 6.47 2.94 1.45 32.46
7 3.87 5.29 8.28 2.10 1.13 31.31
10 4.42 6.23 12.15 3.43 1.58 22.18

15 3.56 5.96 12.37 3.85 2.06 22.25
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Figure 3. SEM-EDS data of granular product (size 3.15-4 mm) samples: (a) 2; (b) 7; (c) 10; (d) 15.

It is important to mention that the numerical values of the concentrations of some
other plant nutrients, such as P (as P,Os), calcium (as CaO), and magnesium (as MgO),
determined by chemical analysis methods (Table 3), correlate well with the data of element
maps (Figure 3). However, in samples 10 and 15, a significantly lower concentration of
potassium (as K,O) was determined by the chemical analysis (Table 3) method than by
EDS (Figure 3). Evaluating the composition of sample 10 (composition V) and sample 15
(composition VI), it can be assumed that this is due to the insoluble form of potassium
present in the ash.

Because all fertilisers are more or less hygroscopic (which means that they start to
absorb moisture at a specific level of humidity or at a certain water vapour pressure; this
plays a role in fertiliser losses during storage [68]), the hygroscopicity of the granular
products was determined (Figure 4).

Samples ——2 ——7 -#-10 —15

9.24 4 r b

Moisture content, %

4

o 1 2 3 4 5 6 7 8 9 10 11

5 6

(=]
=]
—
o
-
—

Duration, days Duration, days

Figure 4. Hygroscopicity data of biofertilisers under different conditions in the surroundings:
(a) saturated NaNO; solution at 21.8 £ 0.6 °C and humidity 62.4 &+ 1.2%; (b) HyO at 21.5 + 0.4 °C
and the relative humidity 99.5 &+ 1.1%.

Figure 4 shows that these are classical absorption curves, in that they initially rise
upwards while the biofertiliser absorbs moisture from the environment and fluctuate
minimally depending on environmental conditions once equilibrium is reached. When
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Raw materials l

the biofertiliser samples are stored in a saturated sodium nitrite environment (62-63% of
relative humidity), the equilibrium is reached after 4-5 days and the maximum absorbed
moisture content is 5-6% with the BE binder and 8-9% with the MS binder (Figure 4a).
Unlike mineral fertilisers [67], organic biofertilisers are not under threat of caking, but
they start to mould due to the bioactive substances in the fertiliser. Mould was recorded
in all biofertiliser samples after 5-7 days of storage in an environment of 99.5% relative
humidity of water vapour. Again, the moisture uptake was higher in the biofertilisers
with MS as the binder than in the fertiliser granulated with BE, i.e., 35-38% and 27-28%,
respectively. Such absorption is significant and may have undesirable consequences for
fertiliser products: the particles gradually become soft and sticky, the particles begin
to break up and discolour, and the strength of the particles decreases [69]. Therefore,
such fertilisers require appropriate storage conditions or the selection and application of
biodegradable coatings on the fertiliser in the conditioning drums. However, given that
such organic fertilisers are already classified as slow-release fertilisers, a coating would
further slowdown the entry of nutrients into the plant.

The evaluation of the granulation of these organic biofertilisers under laboratory
conditions and of the properties such as the granulometric composition and moisture
content of the product, allows one to distinguish the main stages of production of organic
biofertilisers, as follows: preparation of the raw materials and the binder; mixing of the
solid and liquid raw materials; granulation; fractionation; return of recycled material;
drying; packaging; storage. All these stages are presented in Figure 5 as a technological
scheme of the principal process.

To cleaning

Bmdcr

J“

Recyeling

= Cleaned air
Steam —— m

13

?- . m Product
T

Recycling

Figure 5. Technological scheme to produce granular organic biofertilisers: 1—mill; 2—sieves; 3—
elevator; 4—distribution device; 5—container; 6—dispenser-scale; 7—transporter; 8—container with
mixer; 9—dispenser—distributor; 10—drum granulator; 11—drum dryer; 12—cyclone; 13—cooling
drum.

The technological scheme primarily shows the sieving of the raw materials, the crush-
ing of oversized particles (larger than 2 mm), and their distribution into containers. Before
entering the mixer, the raw materials are weighed and then fed into another larger mixer,
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where the raw materials are mixed with the binder. Wetted raw materials are supplied to
the drum granulator through a distribution dispenser, and then they move to the dryer. If
necessary, steam can be supplied to the granulator, and warm air is supplied to the dryer.
After drying, the product must be sieved, because, according to the results of the exper-
iment, a certain number of granules smaller than 2 mm and larger than 4 mm is always
formed; such granules are recycled back into the technological line. The appropriate-sized
commercial fraction (2-4 mm) is cooled and stored. Because dusty air is produced during
the crushing, sieving, and drying processes, it will be cleaned using a cyclone.

Analysis of the results of this study makes it obvious that the quality of the developed
product should be improved, and this should primarily be performed by maximising the
amount of commercial fraction and by minimizing the moisture content of this fraction to
ensure the desired granule size and strength. Also, is very important that the raw material
mixture should be mixed well before granulation to achieve the desired granule shape and
size; this is especially the case when using BE, which is responsible for an irregular shape of
granules. The correct shape, size, and density of the granules ensures that they are evenly
distributed over the soil surface. Better drying is likely to ensure the long-term stability
of the product, which is an important factor for fertilisers. The influence of the recycled
fraction (the formation of which is inevitable and provided for in the technological scheme)
on the granulation process should also be analysed and taken into account. Solving all
these problems would further improve the quality of the created organic bio-fertilisers
and their competitiveness; granular organic fertilisers are often designed for slow-release
applications [70], providing a steady supply of nutrients over an extended period of time.
This slow-release feature helps prevent nutrient leaching and reduces the risk of nutrient
runoff. Like other organic fertilisers, these would have a dual effect—improving both plant
growth and soil properties by increasing the amount of organic matter and reducing acidity.

4. Conclusions

All the analysed industrial wastes from food production—buckwheat biomass (BBM),
buckwheat husks (BH), buckwheat husk ash (BHA), bone meals (BMs) from animal by-
products, molasses solution (MS), and beaten eggs (BE)—are suitable for use in the produc-
tion of organic biofertilisers. The moisture content of the raw material mixture significantly
influences the size distribution of granules. At a moisture level of 32-35%, 57-68% of the
produced biofertilisers are of the commercial fraction (2-4 mm size). A lower amount
of BHA in the raw material mixture requires more binder to obtain a higher commercial
fraction; however, of the type of binder does not affect this outcome.

SGN values are a key parameter in the uniformity of the products. Depending on the
composition and the binder used, SGN values range across wider or narrower intervals.
When MS is used, SGN values are less than 20, and when BE is used, the differences
between SGA values are large (up to 60). Variations were observed using the BE binder,
requiring the homogenization of the raw material mixture prior to granulation.

Larger granules exhibit higher static strength values (7.89-13.46 N/granule) compared
to smaller ones (7.92-15.57 N/granule). Adding bone meal (BM) enhances the strength of
all granules, indicating its significant contribution to the product’s mechanical properties;
meanwhile, the choice of binder has minimal impact on granule strength.

The moisture content of organic fertilisers slightly exceeds the acceptable 3% norm for
mineral NPK fertilisers, but the product remains stable for a long time (up to 8 months)
when stored in ambient conditions.

Spherical granules were produced in all cases, but those produced with BE binders
exhibit more angularity and irregularities, which could be due to the heterogeneous nature
of the binder. SEM-EDS analysis confirms that produced with BE binder granules are
spherical yet angular with rough surfaces, while those made with MS binders are rounder
and more uniform.

Analysis of EDS maps reveals an even distribution of elements on the fertiliser surface,
with carbon, oxygen, potassium, calcium, sulphur, and phosphorus among the main ele-
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ments identified. Fertilisers containing higher BHA content have a lower carbon (~25-30%)
concentration but they are richer in potassium (~22-26%). Chemical analysis indicates
nitrogen (Njtq1) concentrations ranging from 3.56% to 4.73%, phosphorus (P,Os) concen-
trations ranging from 4.26% to 6.23%, potassium (K,O) concentrations ranging from 6.47%
to 12.37%, calcium (CaO) concentrations ranging from 2.10% to 3.85%, and magnesium
(MgO) concentrations ranging from 1.13% to 2.06%.

Such fertilisers can be used in acidic soil, as their 10% solution has pH values of 9-10.
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