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Abstract: The sustainable utilization of different food waste and other products is one of the chal-
lenges of the European Green Course. Buckwheat has major potential as a food ingredient; however,
processing buckwheat into food products generates a large amount of solid waste that needs to be
sustainably disposed of. The by-products that come from the processing of the buckwheat contain
high contents of carbon and hydrogen and can be used as raw materials for the production of granular
biofuels. This work proposes and explores the potential of a different route of buckwheat husk ash uti-
lization. Chemical analysis of the buckwheat husk ash (BHA) and uncleaned buckwheat husks (UBH)
showed significant amounts of primary and secondary nutrients (0.28 £ 0.06%-5.84 %+ 0.43% P,Os;
4.56 £ 0.46%-38.63 £ 1.82% K;O; 0.09 £ 0.01%-12.18 £ 0.38% CaO and 0.47 £ 0.08%-3.56 £ 0.18%
MgO) as well as micronutrients (Zn, Mn, Cu, and Fe) and carbon (29.53 + 0.50%-54.35 &+ 0.58% C). It
has been determined that granular biofertilizers can be produced by using drum granulators from the
mixture of raw materials in an 80-20% BHA, 20-80% UBH, and 10% polyvinyl acetate (PVA) solution.
However, when more than 20% of the UBH is present in the raw material mixture, the humidity of
granules is high (more than 6%), and bulk density is low (less than 450 kg/m?). The pH values of 10%
solution of the produced granules range from 12.0 to 9.7; thus, the fertilizers can act as a liming agent,
which can be recommended for acid soils. This suggests a potential for a cradle-to-cradle type of re-
generative engineering process design, where the end product of buckwheat processing—buckwheat
husk ash and untreated buckwheat husks—can be returned back to the soil to replenish the nutrients,
resulting in an overall sustainable process.

Keywords: ash; buckwheat husks; chemical composition; granulated fertilizers; properties

1. Introduction

Buckwheat has major potential as a food ingredient since it contains proteins of high
nutritional value, dietary fiber, starch, rutin, D-chiro-inositol, vitamins, and minerals [1,2].
The consumption of buckwheat protein has been shown to lower plasma cholesterol [3].
While currently underutilized due to its lower yields compared to wheat and other cereals,
it has recently sparked a new interest due to the possibility of using it to recover the
marginal areas [4]. Buckwheat can be planted in various soil types, including infertile and
poorly tilled areas [5]. Importantly, it can also help to manage nutrient balance by acting
as a phosphorus scavenger due to its high capability of absorbing soil phosphorus [4]. In
2019, world production of buckwheat was 1.6 million tons, led by Russia with 48% of the
world total, followed by China with 27% and Ukraine with 3% (FAOSTAT numbers) [6].
The processing of buckwheat into food products also generates a large amount of solid
waste that needs to be sustainably disposed of.

Thus far, the sustainable utilization of buckwheat husks, which is a primary processing
waste, has focused on the extraction of rutin, a well-known bioactive polyphenol, followed
by husk carbonation to yield char. Moreover, it is used in the production of therapeutic
mattresses and cushions [7,8]. In principle, buckwheat husks can be used in the food
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industry. For example, the utilization of buckwheat husks for the preparation of buckwheat
husk tea was proposed [9]. The by-products from the processing of the buckwheat contain
high contents of carbon and hydrogen and can be used as raw material for the production of
granular biofuels [8]. A significant improvement of up to 50% in greenhouse gas emissions
was estimated over gasoline, showing significant sustainability implications of utilizing
wheat products for 2nd generation biofuel production [10]. The utilization of wheat
(including, but not limited to, rice) husk ash in general has attracted a significant amount
of attention due to the very large amounts generated via combustion processes. Typically,
about 10% of husks are separated from the grain, and if these husks are combusted, they
yield approximately 10% ash. By far, the most explored options of husk ash utilization
include its use as a porous absorbent material, while other applications, including as
construction materials, have not gained sufficient popularity [11].

Significant amounts of primary and secondary nutrients (P05, KO, CaO, and MgO),
as well as micronutrients (Zn, Mn, Cu, Fe, Co, and Mo), have been detected by chemical
analysis of the buckwheat husks ash. This suggests a potential for a cradle-to-cradle
type of regenerative engineering process design [1,2,12] where the end product of the
buckwheat processing of the husk ash can be returned back to the soil to replenish the
nutrients, resulting in an overall sustainable process. The sustainable use of solid waste in
agriculture is of crucial importance, and prior attempts have also been made to recover the
micronutrients [13].

This work explores and proposes the potential of a route for utilization of buckwheat
husk ash and other biomass from the waste of buckwheat groat production. The aim of
this work was to study the chemical and crystallographic composition of the buckwheat
husk ash and uncleaned buckwheat husks, to create granulated fertilizers by performing
laboratory-scale granulation experiments, and to explore their properties.

2. Methods and Materials
2.1. Materials

Wastes from the production of buckwheat groats in JSC “Ekofrisa” (Prienu district,
Lithuania) were used as the main raw materials: buckwheat husk ash (BHA) and uncleaned
buckwheat husks (UBH). The emulsion of polymer polyvinyl acetate (PVA), which is non-
toxic or has a very low level of toxicity when ingested and is questionably carcinogenic,
was used as a binder [14]. Analytical grade chemicals and distilled water as a solvent were
also used, where necessary, in the chemical analysis.

2.2. Analyte Preparation

A solution for chemical analysis was prepared from BHA and UBH by dissolving the
substances in water and hydrochloric acid for 24 h. The resulting solutions were filtered
to separate insoluble components; they were then diluted to a known volume and used
for analysis.

2.3. Chemical Analysis

Total nitrogen (N) was determined by the Kjeldahl method with the mineralizer
Turbodog TUR/TVK, automatic system Gerhardt Vapodest 45s (C. Gerhardt GmbH & Co.
KG, Koenigswinter, Germany), using 96% sulfuric acid according to the DIN EN ISO 9001.
The essence of the method is that the analyte is distilled into a boric acid solution, while
the concentration is determined by the results of the titration with HCI (the accuracy of
the method is 0.5%). Three replicates were performed, and the difference in concentration
between test results did not exceed 0.5%.

Concentrations of calcium (recalculated as CaO) and potassium (recalculated as K,O)
in BHA and UBH were measured using flame photometry and a PFP-7 from Jenway
(Cole-Parmer Ltd., Staffordshire, UK). The flame was produced by burning the mixture
of natural gas and air at 1500-2000 °C. Calcium and potassium concentrations were
determined at 622 nm and 766 nm wavelengths, respectively, using calibration curves,
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which were prepared based on the known concentration of aqueous solutions of the
corresponding salts.

The concentration of phosphorus (recalculated as P,Os) in BHA and UBH was deter-
mined by the photocolorimetic method by complexing with molybdenum and measuring
UV-VIS absorption of the corresponding solution at A = 440 nm. T70/T70+ spectrophotome-
ter from PG Instruments Limited (PG Instruments Limited, Lutterworth, UK)was used in
all measurements.

Concentrations of calcium (recalculated as CaO) and magnesium (recalculated as
MgO) were determined by complexometric titration using different indicators (chalcone
carboxylic acid and dark blue chromogen) and titrating against trilon B solution.

The concentration of total organic carbon (TOC) in raw materials was determined by
the dichromate oxidation of the organic matter method [15].

Organic matter content was determined according to the modified LST EN 13039: 2012
standard. The samples for the analysis were dried, weighed to within £0.001 g and burned
for 1 h at 900 °C temperature. The amount of organic matter in the samples was calculated
from the weight loss.

Content of iron (Fe), copper (Cu), zinc (Zn), manganese (Mn), cobalt (Co), molybde-
num (Mo), cadmium (Cd), lead (Pb), mercury (Hg), nickel (Ni), chromium (Cr), silicon (Si)
in BHA and UBH was measured using the AAnalyst 400 atomic absorption spectrometer
(AAS) from PerkinElmer (PerkinElmer, Waltham, MA, USA). The flame was obtained by
burning acetylene (7.5 L/min), except when measuring molybdenum (N,O was used). A
mixture of acetylene gas and air (10 L/min) was used to atomize samples.

2.4. Instrumental Analysis

X-ray diffraction analysis (XRDA) of BHA and UBH was performed using Bruker AXS
operating at the tube voltage of 40 kV and tube current of 40 mA. The X-ray beam was
filtered with a Ni filter to select the CuKx wavelength. The step size was 0.05° and the
dwell time was 0.5 s, anodic voltage Ua = 40 kV; strength of the current I = 40 mA. Data
were analysed using a Crystallographica Search-Match Version 2, 1, 1, 1 program.

Fourier-transform infrared spectroscopy (FI-IR) was performed using Spectrum GX
spectrometer from Perkin Elmer (PerkinElmer, Waltham, MA, USA) operating in transmis-
sion mode. Samples were prepared by pressing a pellet of BHA or UBH and optically pure
dry KBr. The final spectrum is shown in a transmittance mode.

Simultaneous thermal analysis (STA) was performed using the thermal analyser
LINSEIS STA PT-1000 (Linseis Messgeraete GmbH, Selb, Germany). The parameters that
were used for obtaining the DSC-TG curves are as follows: heating rate—10 °C/min,
range—25-700 °C, crucibles—extruded aluminum, atmosphere in the furnace—nitrogen
20 mL/min, measurement accuracy £3 °C.

2.5. Granulation

BHA- and UBH-based fertilizers were granulated using a laboratory-scale drum
granulator (JSC Arvi fertis, Marijampolé, Lithuania) shown in Figure 1. This granulator is a
scaled-down version of a commercially available drum NPK fertilizer granulator. Briefly, a
granulator tilt angle with respect to horizontal was 3°, while the rotation speed was 26 rpm.
The temperature in the drum granulator was maintained at 60-70 °C by blowing hot air.
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Figure 1. Process of production of environmentally friendly fertilizers.

2.6. Physical Analysis

One of the key fertilizer granule properties, i.e., granule humidity, was determined
using a Kern MLS moisture analyzer from Kern & Sohn GmbH (Balingen, Germany), with
an accuracy of 0.001 g, after heating the sample to a constant mass at 120 °C.

The granule size distribution of the granulated fertilizers obtained from BHA and
UBH was determined while using DIN-ISO 3310/1 sieves from Retsch. (Retsch GmbH,
Haan, Germany) The mass of every size fraction was determined by weighing on a WPS
210/C Kern AB]J balance with an accuracy of 0.001 g.

The pH meter pH 211 from Hanna Instruments (Woonsocket, RI, USA) was used in
all measurements. The pH was determined for the aqueous 10% BHA, UBH or granular
fertilizer solutions; the needed mass was weighed on a WPS 210/C Kern AB]J balance. The
resulting suspension was filtered, and pH was measured.

The loose bulk density of granules is a critical property for transportation purposes.
Loose granule bulk density was measured using a graduated 100 mL cylinder filled with
granules.

The crushing strength of granules is a measure of their resistance to deformation or
fracture under pressure. It is a crucial parameter in estimating the expected handling and
storage properties of the obtained granular material. The granule crushing strength was
determined by applying a constant force until the granule lost its structural integrity [16]
using UI1T'-1M (AO “YHUXUM c 03", Yekaterinburg, Russia). In particular, 20 granules
were analysed, and an average crushing strength value was obtained. The equipment
consists of an automated press control by a stepping motor that can apply a force from 5 N
to 200 N with an error of 2% at 20 + 5 °C.

The hygroscopicity of the granulated BHA and UBH fertilizers was measured by using
saturated aqueous sodium nitrite (NaNO;) solution and water. The typical procedure
involved maintaining sample granules in a desiccator for 2 weeks in the presence of
saturated NaNO; solution at 70%—75% relative humidity and 20-23 °C, and water at 100%
relative humidity and 20-23 °C.

2.7. Statistical Data Analysis

Statistical analysis of the results was carried out using MS Excel data analysis (Anova,
descriptive statistics) tools, calculating a range of statistical parameters for every data set.



Agriculture 2022, 12,193

50f16

In the case of assessing the chemical composition of the plant nutrients” micro-elements,
heavy metals and properties of the granulated product, the value of the standard deviation
was given. To analyse and evaluate data, in accordance with the results of the descriptive
statistics, the relative (RSD), standard (SD) and absolute (ASD) deviations were calculated
at 95% probability. In all cases, the significance level was p < 0.05. Depending on the
method’s accuracy, the investigation of the properties of the same sample was performed
3-20 times, and the arithmetic mean of the determined values is presented in this study.

3. Results and Discussion
3.1. The Chemical and Structural Composition of the Buckwheat Husks Ash and Uncleaned
Buckwheat Husks

Chemical and functional group composition of BHA and UBH, phase, endo- and exo-
effects were determined using different methods, and the results obtained are presented
in Table 1 and Figures 2—4. The chemical composition is needed for the assessment of the
nutrient composition contained within the raw materials and their potential usability as
a granulated fertilizer. As seen from the elemental analysis data (Table 1), a rather large
concentration of the primary macronutrient potassium is present in BHA at 35.92% and
38.63% concentration, respectively, as soluble in water and soluble in hydrochloric acid.
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Figure 2. FT-IR spectrum: [—BHA; [[—UBH; IIl—granulated fertilizers (Sample 12).
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Table 1. Concentrations of primary and secondary macronutrients, microelements and heavy metals in raw materials.
Primary and Secondary Macronutrients, %
Sample N K,O P,05 CaO MgO c
w HC1 A\ HCl w HC1 w HCl
BHA - 0.66 £0.09  3592+162 3863+182  0.30=£0.06 5.84 + 0.43 0.17 £ 0.05 12.18 £ 0.38 0924039 3.56+0.18 29.53 £ 0.50
UBH - 2.28 +0.27 4.56 + 0.46 7.60 £ 0.21 0.28 £ 0.06 0.41 £+ 0.05 0.09 +0.01 0.29 &+ 0.07 047 +£0.08  0.88 +0.09 54.35 £ 0.58
Microelements, mg/kg
Zn Mn Cu Fe Co Mo
BHA - 541.13 £+ 2.86 - 547.88 + 1.64 - 385.63 £ 2.56 - 1331.25 + 0.93 - 7.60 £ 0.06 9.30 +£0.13
UBH 16.134+0.15 86.63+1.01 1513+040 28.63 £0.39 - 3.50 +0.22 0.88 4 0.04 212.38 £ 0.92 - - -
Heavy Metals, mg/kg
Cd Pb Hg Cr Ni Si
BHA - 1.80 £ 0.09 - 2.88 +£0.19 - 0.01 +0.008  58.25 £ 0.72 76.63 £ 0.74 - 15.70 4= 0.89 8.03 +0.35
UBH - - - - - - - - - - -

W-—soluble in water. HCl—soluble in hydrochloric acid.



Agriculture 2022, 12,193

7 of 16

e
Y-t
am o

t
-

. |l
15 5 J

19 1')

Mw.mmw

10

17 16
1l7 14 15|5 |'515 15
17} 11 7103 13 7 6
JNJ;N |‘ 13 7 I

6 160
PN il

Intensity, a.u.

20
19
5
1870 12
15 14 10 70 10 7
19 12 L 14 6 152117 |,
\ ek ] J ot ng
lei ol UWM] 14 w611 6 I
5 10 15 20 25 30 35 40 45 50 55 60
26, deg

Figure 3. XRDA data: [—BHA; [[—UBH; IIl—granulated fertilizers (Sample 12): 1—CssH79CaOy; 2—
Zl’l3FeCN6,' 3—C36H5202; 4—Cu (H2P03)2; 5—Si02,' 6—MgO; 7—K2MgSiO4,' 8—F6P04; 9—K5P3010;
10—K2CO3; 11—CuPO3F; 12—Mg0_97A10_030; 13—CaO; 14—A18CI'4E,' 15—A16013Siz; 16—Fe203;
17—CaMnO; ¢5; 18—KNiSy; 19—K,S04; 20—KMnFes; 21—NayCSy.

Concentrations of water-soluble nitrogen and phosphorus in the ash were insignificant;
the concentration of hydrochloric acid-soluble P,Os (5.84%) was higher. Furthermore, sig-
nificant concentrations of hydrochloric acid-soluble secondary macronutrients, including
calcium (CaO) and magnesium (MgO), were determined to be 12.18% and 3.56%, respec-
tively. In UBH, concentrations of nitrogen and phosphorus were 2.28% and 0.28%-0.41%,
respectively (higher concentrations of hydrochloric acid-soluble macronutrients). Concen-
trations of water-soluble and hydrochloric acid-soluble secondary macronutrients (CaO
and MgO) in the UBH were insignificant. In both raw materials, high carbon concentration
was detected. BHA had 29.53% carbon, and the content of carbon in UBH was almost twice
as much, i.e., 54.35%.

The data for the microelements necessary for the plants, such as Zn, Mn, Cu, Fe, Co
and Mo, are presented in Table 1. Notable concentrations for zinc, manganese, iron, and
copper were detected. As seen from the data for the concentration of heavy metals, such
as cadmium, lead, mercury, etc. (Table 1), significant concentrations were found only for
chromium, nickel and silicon, which are not toxic or hazardous to the environment or plants.
The data of the chemical analysis in most cases are in accordance with the data published
in the literature [17] (the highest concentrations of potassium, calcium and trace elements
like iron, zinc and manganese, which are the main nutrients, were determined). However,
there are insignificant differences that can be explained by the fact that buckwheat was
grown in different places and under different conditions.
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Figure 4. STA data: (I)—BHA; (II)—UBH; (IIl)—granulated fertilizers (Sample 12).

The total content of organic matter in the raw materials was also measured by burning
raw materials for 1 h at 900 °C. It was found that organic matter made up 23.3% of BHA
and 98.3% of UBH. The relatively high content of organic matter in the ash from the biofuel
boiler plant suggests that its temperature is below 900 °C.

IR spectra of BHA and UBH are presented in Figure 2. In particular, FT-IR ash (I
curve) and husk (I curve) analysis has revealed the presence of the same broad peak at
3300-3500 cm ! due to the hydrogen-bonded hydroxyl (O-H) groups.

The IR spectrum of UBH (II curve) displays a peak centred around 2900 cm~! due
to the aldehyde (CH) group and a peak in the range of 15001630 cm ™! due to the NH3*
symmetric and asymmetric vibrational motion and saturated aldehyde (C=0). According
to the literature [18], a doublet in the 1500-1200 cm ™ region can be assigned to the CO32~
functional group in metal carbonates and to the CH and CHj groups. Other complementary
peaks (I and II curves) located in the 700-1000 cm ! region can be assigned to C-H bonds
and the PO, ~ functional group. The IR spectra have a peak centred around 600 cm~! due
to the OSiO group (BHA-I curve) and ONO group (UBH-II curve) [19-23].

In the XRDA curve of BHA (Figure 3, I), a complex set of peaks is observed. These
peaks were assigned to several common minerals, including hematite, mullite, potassium
phosphorus oxide, magnesium aluminum oxide, and siliceous oxide using SearchMatchl
database data.

These results are very complementary to those inferred from the FI-IR absorption
spectrum shown in Figure 2. After combining XRD and FI-IR data, the results indicate that
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BHA is comprised of inorganic mineral oxides, phosphates and carbonates. It is important
to note that the different XRDA curves of biomass ash and identifiable substances in the
different sources vary depending on their origin (biomass type, bottom or fly ash), but the
overall carbonates, phosphates, oxides predominate in the ash XRDA spectrum [24-26].
The major diffraction peak of UBH (Figure 3, curve II) occurs within the 20 scale ranging
between 15° and 25° as the compounded peak: C3sH7yCaOy4 (PDF 37-1684); Zn3;FeCNg
(PDF 75-1257); C36Hz,0, (PDF 34-1684); Cu (H,PO3), (PDF 71-675); SiO, (PDF 27-605).
The character of the peaks mentioned indicates an amorphous structure and partially
correlates with the XRD spectrum of cellulose [27].

Since superheated water vapor can be used as a liquid phase in the industrial produc-
tion of granular fertilizers and the produced granules have to be dried, the raw materials
used in the production of fertilizers must be thermally stable up to approx. 350 °C. STA was
performed to evaluate the thermal stability of BHA and UBH, and its results are presented
in Figure 4. The HBA curve (I) in Figure 4 shows that an insignificant exo-effect was found
in ash at 320.4 °C, and a very high exothermic effect took place at 478.5 °C. This high effect
can be explained by the oxidation of unburned organic matter remaining in the ash. This
statement is also confirmed by the results of the chemical analysis, since 29.53% of carbon
was detected. Therefore, it can be assumed that the operating mode of the biomass boiler
is not optimal, and some unburned organic matter remains. The mass loss, as seen in the
TG curve, is 90% and fully corresponds to the exothermic effect on the DSC curve. The
UBH STA curve (II) shows that this raw material is less thermally stable. The endo-effect is
already visible at 111.9 °C, which can be explained by the evaporation of the moisture. In
the TG curve, this effect corresponds to a small (8%) mass loss. The DSC curve shows much
smaller and larger exo-effects in the temperature range of 409.5-529.4 °C that represent
the combustion processes of various organic substances. This range corresponds to a total
mass loss of 16.44%. Such relatively small mass loss indicates that not all organic matter
present in the UBH burns in the temperature range studied.

Based on the analysis and evaluation of the results of chemical and instrumental
analysis, it can be stated that both wastes from the production of the buckwheat groats are
suitable for the production of environmentally friendly bulk fertilizers.

3.2. Granulation of the Buckwheat Husk Ash and Uncleaned Buckwheat Husks

In JSC “Ekofrisa”, about 23% of the buckwheat husks are produced during the seed
production process. Furthermore, about 2% of ash results after burning these husks.
Typically, obtained husk ash is very fine—less than 1 mm—and is separated and collected
from the gas stream in a cyclone. The direct use of this ash is problematic, since an efficient
and even distribution of it on soil is very difficult; therefore, in order to perform compacting
or granulation, it is necessary to improve storage, transportation and application into
the soil.

Our preliminary experiments using dilute H3PO, as a binding agent, as well as litera-
ture data [28,29], have shown that bioderived ash granulation without designated binders
results in poor quality granules. Starch-g-polyvinyl acetate (PVA) has previously been pre-
pared by the graft copolymerization of starch with vinyl acetate to yield slow-release urea
fertilizers [30]. Other polymers have also been used [31], including polycaprolactone or
polyacrylamide [32], poly (butylene succinate) and butylene ester of dilinoleic acid [33] and
sodium alginate [34], to name a few, in a recent development to yield enhanced efficiency
urea and NPK [31,35] fertilizers via the (bio)polymer coating tailoring release pattern of
the nutrients to closely match the growth requirement of the plants. All in all, we used
this knowledge and an implicit binding property of PVA. In our experiments, 10% solution
of PVA was used as a binder to produce granules of BHA or BHA and UBH mixture.
Thirty-one granulation experiments (repeated three times) were performed for BHA and
UBH granulation.
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3.3. The Properties of the Granular Buckwheat Husks Ash and Uncleaned Buckwheat
Husks Fertilizers

The objective function of these granulation experiments was to select the optimal
composition of the raw materials to obtain fertilizers of suitable quality. Therefore, the
key properties of all samples, including granule fractional size, moisture content, crushing
strength, loose bulk density, as well as pH of 10% solution, were measured and are shown
in Table 2 and Figures 4-6.

Table 2. Properties of BHA and UBH granules.

Raw Granule
Sample  Materials Granules Size Distribution, % pH of 10% Crushing
No. Humidity, Solution Strength,
% >5 mm 4-5mm 3.154mm  2-3.15mm 1-2 mm <1 mm N/gran.
100% BHA
1 41.2 8.9 £0.14 1.5+0.14 41+0.14 2.7 £0.25 4474+029 381+029 12.0+0.38 6.30 £0.19
2 444 224038 344087 39 +0.52 7.1+0.52 353+089 481+0.63 12.0+0.87 6.18 £ 0.42
3 47.4 10.1 + 0.87 6.8 £ 0.66 9.6 £ 0.49 104 +0.63 188+038 443+049 11.5+£0.76 6.36 £ 0.32
4 50.0 16.6 + 0.76 8.1+0.25 103+0.19 1244+052 2194038 30.7+063 11.5+0.25 6.47 £0.21
5 52.4 100+ 031 119 +0.14 7.1 £ 0.56 193+038 3924038 125+025 12.0+£0.71 6.45 £0.11
6 53.5 16.3+049 108+038 163+0.52 215+0.38 29.7+0.75 5.4+ 0.14 11.5+0.38 6.82 £0.13
7 54.4 37.0+0.76  185+0.38 184+0.75 163 +0.29 8.1+ 0.52 1.7 £0.25 11.0 + 045 6.91 +£0.17
8 55.6 306 +£025 203+063 193+0.14 140+038 12.8+0.38 3.0 £0.38 11.5+0.75 7.39 £ 041
9 56.5 644+049 21.6+0.52 7.8 +0.38 444049 1.1+0.25 0.7 +£0.19 11.0 + 0.63 6.61 £ 0.25
80% BHA and 20% UBH
10 23.1 2.6 +0.63 24+0.14 344025 103+0.63 2714+038 5424038 10.5+0.25
11 28.6 17.5 +0.63 7.4 +0.38 8.7 £0.38 154+049 296+087 2144087 105+£0.25
12 31.0 364+063 134+038 149+029 2314025 7.8 +£0.52 444049 10.5 + 043 defoIr)rliztriifm at
13 33.3 180+066 13.6+049 151+066 255+£038 164+025 114+025 10.5+0.38 6-7 N/gran.
14 35.5 60.6 £0.52 16.7+043 11.2+0.25 474025 1.5+ 0.38 53 +0.14 10.0 + 0.52
15 37.5 579 £038 169 £0.89 7.0 £0.25 2.8 £0.25 40+038 1144+029 10.0 +0.49
60% BHA and 40% UBH
16 28.6 1.1+0.38 2.6 £0.38 48 +052 105+052 258+052 552+025 10.34+0.49
17 33 444038 7.0 £0.49 103+038 238+038 326+025 219+029 103+0.14
18 37.5 494025 8.0 £0.49 141+075 2874+025 2414052 202+052 10.3+£0.52 Plastic
19 39.4 8.1+0.52 1374038 1784052 284+038 165+049 1554066 10.0+063 deformationat
20 41.2 178+038 165+0.14 197+038 169 +£0.52 8.4+ 0.38 20.7+£038 10.1+0.14 5-6N/gran.
21 429 129+052 166+029 156+029 11.9+£0.63 9.3 £0.63 33.7+038 10.0 £0.29
22 444 151+038 1594+025 1394025 10.7+0.38 9.2 +£0.25 352+025 10.0+0.14
40% BHA and 60% UBH
23 375 0.0 £0.52 0.9 £ 0.49 3.1+025 142+038 407+076 41.1+025 101+0.14
24 44.4 424025 9.0 +£0.49 16.1+0.38 2594063 1814052 267+049 10.1+0.14 Plastic
25 47.4 129+049 16.1 +0.38 9.7 £0.52 2924049 1544038 1674038 10.0+025 deformation at
26 48.7 102+038 1734+038 193+052 225+049 11.7+025 19.0+049 10.0+0.29 5-6 N/gran.
27 50.0 7.4 £ 0.38 13.3 £ 0.63 15 +0.38 162+049 124+038 3534038 9.9 £ 0.14
20% BHA and 80% UBH
28 47.4 9.3 +0.38 11.7 £ 0.49 15 +0.38 308+0.79 197+£038 132+0.25 9.9 £0.14
29 48.7 9.3 £0.38 122+029 1594+066 2934063 193+025 14.0+0.52 9.8 +£0.29 Plastic
30 50.0 105+0.38 166025 153 +0.38 25.84+0.38 181+052 13.7+0.25 9.8 +0.14 deéo;}n;agtj;)r? at

31 51.2

260+063 2144049 18 £ 0.57 20.0 £ 0.63 6.8 £ 0.52 7.8 £0.52 9.7 £0.29
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Figure 5. Influence of raw material content and humidity on the commercial fraction of the granular

fertilizers.
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Figure 6. Shape of granules at different ratios of BHA and UBH: (I)—80% BHA and 20% UBH;
(I)-60% BHA and 40% UBH; (I1I)-40% BHA and 60% UBH; IV-20% BHA and 80% UBH.

As seen from the data in Table 2, the mixture of the raw materials with different
humidity was prepared depending on the ratio of BHA and UBH. As shown in Figure 5,
the granulation of the pure ash (100% BHA) required a maximum of 10% PVA solution (up
to 56.5%). Meanwhile, at a ratio of 4:1 = BHA:UBH (80% and 20%), the lowest amount of
liquid binder was used (23.1-37.5%). As the amount of UBH in the raw material mixture
increased (up to 80%), the need for binder increased as well but still remained lower than
in the granulation of the pure ash.

The size distribution of the produced granules depends on the moisture content of
the raw material mixture and ranges from less than 1 mm to more than 5 mm. At higher
humidity, larger granules are formed regardless of the ratio between BHA and UBH. Since
the goal of granulation is to obtain as much commercial fraction (2-5 mm) as possible, these
data are analysed in more detail and presented in Figure 5.

It can be seen that the 2-5 mm granule size depends on a certain degree of moisture of
the raw materials and on the ratio of BHA and UBH.

Based on the dependencies discussed above (Figure 5), in the samples where ash is
dominating (Samples 1-22), the uniform dependence of the commercial fraction on the
humidity of the raw materials mixture can be seen. The optimum moisture content of
each group with a different ratio of BHA to UBH corresponds to the highest content of the
commercial fraction. For example, the highest amount of commercial fraction of 100% BHA
granules was obtained in samples 7 and 8 when 53.5-54.4% of PVA solution was added to
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the raw material mixture, whereas for the ratio 4:1 = BHA:UBH, to obtain almost the same
amount of commercial fraction, only 31.0-33.3% of PVA solution was required. The highest
content of the commercial fraction (59.9%) was found in the mixture of raw materials, at
60% BHA, 40% UBH, and 39.4% PVA solution (Sample 19). A less significant effect of raw
material moisture was found in samples 23-31 with higher content of UBH. Almost 60%
of the commercial fraction was obtained here in a wide range of raw material moisture
(44.4%-51.2%). However, it should be noted that the higher the amount of UBH, the more
moisture is needed to form the granules. The pH of 10% solution of the produced granules
were analysed (Table 2), and data showed that the 10% PVA solution (despite being slightly
acidic, pH 3) did not neutralise the high alkalinity of the ash (pH of 10% solution equals
12.5). The pH of the 100% BHA granules ranged from 11.0 to 12.0. After adding 20-80%
ground UBH (pH of 10% solution equals 6.5) to BHA, the pH of the 10% fertilizer solution
decreased insignificantly and ranged from 10.5 to 11.5. Such pH values of the fertilizer
have led to the conclusion that the fertilizer can act as a liming agent and, therefore, can be
recommended for the fertilizing of acid soils.

Another important parameter characterizing the bulk fertilizer is the strength of the
granules, which was also analysed in this work. However, it should be mentioned that only
the ash granules were crushed, and their strength measured (6.18-7.39 N/gran.), despite
the fact that they had a rather regular spherical shape (Figure 6).

Other granules were plastic; they did not crush within the measuring range of the
device (5-200 N). They only had plastic deformation at 5-7 N /gran. These results correlate
with the other scientists’ results that were obtained during the production and analysis
of the cylindrical granules [36]. Moreover, higher biomass also affects the surface of the
granules because the drum granulator without the compression was used. The photos in
Figure 6 show that the surface of the granules of the fertilizer, which contains 60% or 80%
biomass, is rough, and its colour is dark, but granules are stable and dust-free.

It can be seen that the humidity of 2-5 mm size granules (Figure 7) greatly depends on
the composition of the raw material mixture. After drying at 100 °C to the constant weight
of the sample, the humidity of the pure ash commercial fraction granules (Sample 1-9) was
the lowest (1.7-2.0%). The humidity of the granules containing UBH increases depending
on the amount of UBH, and was the highest (8.8-10.5) at a ratio of 1:4 = BHA:UBH. The
loose bulk density of BHA was 470.9 kg/ m? and, for UBH, this value was 411.0 kg/ m>
(slightly smaller). The addition of PVA solution and humidity of the final granulated
product can affect the bulk density of the final product (Figure 7).

CMoisture of product, % ——Bulk density of g:ranules.kg.’m3

11.0 4 4800 5
., 100 I t i i s
° H 4700
%, 90 I I g
2 g0 i M | =
= 4600 g
% 7.0 { -[ { &,
<60 N i | 4500
z 5.0 N B
:E 10 } H 4400 g
E 30 ¢ | 1300 ©
MRATTIT ] .
10 1Y) ) 1Y ) ) 1 ) A Y 4200 FQ

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Sample number
L y ] L Y ] L Y ] L Y ]
100% BHA 80% BHA  gpo, BHA 40% BHA  20% BHA

20%UBH 40%UBH 60%UBH 80%UBH

Figure 7. The dependence of the humidity and loose bulk density of granular fertilizers (2-5 mm) on
the composition of the raw material mixture.
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The loose bulk density varied in a small range from 430 kg/m? to 470 kg/m3, but
it is clear that despite the higher humidity, the density of fertilizer granules with a ratio
of 1:4 = BHA:UBH was slightly lower due to their high (80%) UBH content. In summary,
when more than 20% of UBH was used in the raw material mixture, the amount of the
commercial fraction granules was high (55-59%), but they were of poor quality because of
high humidity (more than 6%) and low bulk density (less than 450 kg/m?).

Commercial (2-5 mm size) fractions obtained using different raw material mixtures
and 10% PVA solution (sample 12, 19, 26 and 30) were loaded into a desiccator above a
saturated NaNO; solution and H,O. All samples were held for 17 days at 21-23 °C and
70-75% or 99-100% relative humidity, respectively. The mass increase was measured and is
tabulated in Figure 8.

I T I I I + 2082

2.089
2077

A, ¥

Duration, days

big
—e— 80% BHA 20% UBH (12 sample )
—e— 60% BHA 40% UBH (19 sample )
- —e— 10% BHA 60% UBH (26 sample)
—s— 20%BHA §0% UBH (30 samp!

Duration, days

Figure 8. The dependence of the absorbed moisture content of the granular fertilizers (2-5 mm) on
the composition of the raw material mixture: (I) in the saturated NaNO, solution environment; (II)

in an H,O environment.
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Data in Figure 8] show a clear difference in the trend of the absorbed moisture de-
pending on the desiccator environment. In an aqueous NaNO; environment, a steady-state
saturation of the absorbed moisture content (2-4%) was reached after 6 days.

A slightly higher change in mass was observed in the samples with a higher content
of UBH (60% and 80%). However, in general, it can stated that these samples were non-
hygroscopic when stored in the NaNO, environment. Importantly, absorption curves of
moisture shown in Figure 81 exhibit two different regimes: in the first one, the increase in
moisture is large and is followed by no uptake of moisture, and the granules do not lose
their shape and properties. Different trend curves are seen in Figure 81, representing the
results of storage in a very humid environment. The largest moisture uptake of 45-50% was
observed for samples obtained using 60% and 80% of UBH. However, even after 17 days,
the mass of all samples increased, with mold forming on some samples. This means that
additional anti-hygroscopic substances should be used while transporting granules like
these by sea or during storage in wet surroundings.

In order to evaluate the processes taking place during the production and the stability
of the produced fertilizers, the instrumental analysis of the fertilizer (Sample 12) was
performed, and the obtained results were compared with the analogous results of the
analysis of the raw materials (Figures 2—4). The results of the FI-IR (Figure 2 curve III) and
XRDA (Figure 3 curve III) analysis suggest that no chemical reaction took place during the
mixing, granulation, and drying processes of the raw materials. The spectra of the fertilizer
samples show the same peaks, and the same chemical bonds or chemical compounds can be
identified as in the spectra of raw materials. In the FT-IR spectrum (Figure 4 curve III), one
new peak in the area of 2400 cm™' can be assigned to the C=0=C bond that is characteristic
of the binder PVA used in the granulation process. It can be seen that some peaks are more
intense, but BHA-specific peaks predominate, and this correlates with the composition of
the raw materials (12 samples contain 80% BHA and 20% UBH). Another situation has
been revealed by the analysis of thermal stability (STA) data. Here, the DSC curve shows
that the fertilizer sample, like UBH, has an endothermic effect at 90.9-135.6 °C and the
moisture removal also took place, which is indicated by a small mass loss (TG curve). At
higher temperatures of 343.8-650.5 °C, the exothermic effects are similar to those in the
UBH DSC curve and occurred due to the combustion of the organic substances.

4. Conclusions

Based on the results of the chemical and instrumental analysis, it can be stated that
both wastes from the production of the buckwheat groats can be used for the production
of environmentally friendly bulk fertilizers. Using a drum granulator, the highest content
of the commercial fraction (up to about 60%) was produced from the mixture of raw
materials with compositions of 60-20% BHA, 40-80% UBH, and 47-50% PVA (10% solution).
However, when more than 20% of the UBH were used in the raw materials mixture, granules
had a high humidity (more than 6%) and a low bulk density (less than 450 kg/m3). The
pH values of 10% solution of the produced granules ranged from 12.0 to 9.7, indicating
that the fertilizers can act as a liming agent, which is recommended while fertilizing
acid soils. It should also be mentioned that only ash granules were crushed and their
strength measured (6.18-7.39 N/gran.), whereas other granules had plastic deformations
at 5-7 N/gran. Granulated fertilizers are non-hygroscopic when stored at 21-23 °C and
70-75% humidity and keep their shape. The analysis data suggest that no chemical reaction
took place during the mixing, granulation, and drying processes of the raw materials, and
the same peaks in FT-IR and XRDA spectra of the produced fertilizers indicate the presence
of the same chemical bonds or chemical compounds as in the raw materials.

In summary, the waste from buckwheat groats can be used in the production of
environmentally friendly fertilizers to reduce environmental pollution, slow down soil
degradation, and increase soil organic matter.
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