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Abstract: Fertilizers with nitrogen (N), phosphate (P), and potassium (K) were formulated using
a custom-made rotary pan granulator. The granules were characterized by analysis of their com-
position, specific surface and porosity (Brunauer-Emmett-Teller, BET analysis), Scanning Electron
Microscopy (SEM), and X-ray diffraction (XRD). Using the rotary pan granulator led to the formation
of the intended NPK fertilizer granules. The most used for soil treatment, the 2-4 mm diameter
granules, were separated, and the granules with smaller or higher dimensions were re-introduced to
the process.

Keywords: fertilizer granulation; ligand; specific surface and porosity; Scanning Electron Microscopy
(SEM); X-ray diffraction (XRD)

1. Introduction

Mineral fertilizers are used worldwide to ensure food security [1,2]. However, the
intense use of fertilizers may affect soil quality, soil productivity, and global health. Im-
provements related to fertilizer application and formulation are needed to avoid such
situations. One direction is to formulate combinations of mineral fertilizers that include
nitrogen (N), phosphate (P), and potassium (K) and to coat the resulting combinations with
various (bio)organic products [3-5], leading to slow-release formulations. The formulations
of mineral fertilizers include different ratios between N (expressed as total nitrogen), P
(expressed as P,O5), and K (expressed as K,O). These ratios are related to the cultivated
plants, soil type, and soil nutrient content [6].

The granulation process is the first step in producing the slow-release, coated fertilizer.
The granulation process can be performed using several methods, the most used being
a rotating pan granulator [7,8] or a fluidized bed granulator [9-11]. The rotating pan
granulator is easier to use and more accessible to design for custom needs. It is also used for
the second step in the production of slow-release fertilizer formulations, i.e., coating [12,13].

In this study, we developed a custom-made, easy-to-use rotary pan granulator, and we
tested it for formulating an NPK 1:1:1-type fertilizer at a laboratory scale. The granulator
parameters, production capacity, and the physicochemical properties of the NPK fertilizer,
such as morphology, pore size, and crystallinity, were determined. The granulator was
efficient, producing more than 73% granules from 3 to 4 mm in one of the tested treatments.
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2. Materials and Methods
2.1. Materials

The chosen formulation for this experiment was NPK 111, the numbers represent-
ing the mass ratio of nitrogen, phosphorus (as P;0Os), and potassium (as K,O). The raw
materials used for granulation were urea (Merck, Rahway, NJ, USA), mono-ammonium
phosphate (MAP, Merck, Rahway, NJ, USA), potassium sulfate (K,SO4, Sigma-Aldrich,
St Louis, MO, USA), potassium chloride (KCl, Sigma—-Aldrich, St Louis, MO, USA), and
kaolin (Brenntag SE, Essen, Germany).

In Table 1, the theoretical macroelement content of the chosen NPK formulation is
presented.

Table 1. Theoretical macroelement content of the NPK 111 fertilizers.

Theoretical Macroelement Content, %

Raw Materials

Quantity, g N P,0s5 K,O N:P,05:K,0 Ratio

PRODUCT 1-NPK 111

Urea 314 18.9 18.8 18.8 1/1/1
MAP 294
K>SOy 344

Ligand composition = 150 g NPK 111 for granulation in 500 mL distilled water + 5%
food-grade glycerol solution.
The ligand used was 5% food-grade glycerol solution, final concentration.

2.2. Granulation Process of the NPK Fertilizer

The raw materials were ground to obtain particles smaller than 200 microns. Such
dimensions are needed for powder homogenization, an optimal final composition, and
the formation of non-friable granules with good mechanical resistance. The grinding was
carried out in a dry system using a ZM 200 centrifugal mill (Retsch, Verder, Haan, Germany).
The milling conditions were 250 g batch size, 8000 rpm rotor speed, 5 min batch milling
time, and a sieve mesh size of 0.25 mm.

The milled raw materials were mixed as 1000 g batches in a longitudinal oscillating
mixer (Dry Powder Rotator, Glas-Col, Terre Haute, IN, USA) with variable amplitudes for
3 h. The mixing material was placed in a 3 L cylindrical vessel and fixed on the device.
Periodically, after 30 min, the cylindrical vessel was manually mixed by rotating it for
5 min, resuming the oscillating mixing afterward.

The granulation was performed using the custom-made granulator, which will be
presented in detail in the Results and Discussion section. Spraying was performed in a
discontinuous way, manually, using a pulverization device standardized nozzle that had a
diameter of ¢ = 0.25 mm. The fertilizer granules were dried at room temperature for 24 h.

A system composed of 2 stainless steel sieves, a collecting vessel, and a lid was used to
fractionate the granules and to select the optimal dimension size of the fertilizer granules
(2-4 mm) after the granulation process. The dimensions of the sieve were 2 mm in diameter
for the lower sieve and 4 mm for the top sieve. The fertilizer granules from every batch
were sieved individually.

2.3. Physicochemical Characterization of the NPK Granules

The morphology of the NPK beads in section and on the surface was assessed using
a TM4000Plus Tabletop Scanning Electron Microscope (Hitachi, Chiyoda City, Tokyo,
Japan) at 15 kV in standard vacuum conditions (as specified in the TM4000Plus software,
version 2023 vacuum settings). The micrographs were obtained using a BSE (backscattered
electrons) detector at multiple magnifications.
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X-ray diffraction measurements were carried out with a Rigaku Smartlab diffractome-
ter (Applied Rigaku Technologies, Inc., Cedar Park, TX, USA) using a Cu K« radiation
(A =1.54 A). In this experiment, the accelerating voltage of the generator radiation was set
at 45 kV and the emission current at 200 mA. The diffractogram was recorded in parallel
beam geometry over 26 = 5° to 90° continuously at a scan rate of 4° /min. Prior to analysis,
the granules were ground in an agate mortar. The diffraction maxima were identified
based on the sheets from the ICDD (International Center for Diffraction Data). Also, the
crystallinity index was calculated as the ratio between the total area of the diffraction
maxima of the crystalline phases and the total area of the diffractograms after eliminating
the background.

BET analyses were conducted by isothermic sorption measurements at 77 K, using a
NOVA 2200e-Quantachrome Analyzer porosimeter (Quantachrome Corporation, Boynton
Beach, FL, USA). Before measurements, the NPK sample was degassed at 120 °C in a
vacuum for 6 h. The textural parameters that were evaluated were the specific surface
(determined from the standard BET equation (Brunauer-Emmett-Teller)), the total pore
volume (estimated from the adsorbed volume at a relative pressure p/p0 close to unity), and
the pore size distribution and mesopore volume (obtained from the isothermal desorption
branch by applying the Barrett-Joyner-Halenda (BJH) model). The obtained results were
processed using the NovaWin software, version 11.03.

3. Results and Discussion

The custom-made rotating pan granulator used for the fertilizer granulation is pre-
sented in Figure 1. The dimensional and functional characteristics of the rotating pan
granulator are as follows: fabrication material—stainless steel AISI 304; motor: 200 W
power, 12V c.c. electric voltage; rotating pan diameter D, = 20 cm; rotating pan height
H = 8 cm; « tilt angle to the horizontal axis = 35-55 degrees (from 5 to 5 degrees); turation
interval of the pan granulator = 0-120 rpm.

Figure 1. Custom-made rotating pan granulator developed in this study and used for granulation
experiments.

After laboratory trials, the optimal parameters for the granulation of NPK fertil-
izers were determined as follows: rotating pan tilting angle « = 40—-45°; rotating pan
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turation = 20-25 rpm; rotating direction: anticlockwise; mass ratio binder/NPK =1/4-1/5;
granulating time (for one batch) = 60-150 min.

Approximately 3 kg of NPK 111 fertilizer was formulated using the parameters pre-
sented in Table 2.

Table 2. NPK fertilizers” composition.

Raw Materials/ Grinded

Product No. Formulation Kaolin () Urea (g) MAP (g) K;S0q4 (g) KCl (g) TOTAL (g)
1 NPK 111 150 945 882 1032 0 3009
The results of the granulation experiments are presented in Table 3 below. The average
granulation time for a batch of 200 g was approx. 100 min, the maximum granulator
capacity being approx. 400 g/batch. The ratio of raw material/ligand mass seems to be the
most important for increasing the proportion of NPK granules with a 24 mm diameter,
the other parameters having less influence.
Table 3. The granulometric analysis of NPK 1:1:1 fertilizers.
Rotating Pan Parameters Granulometric Analysis/Mass (g)
No. o Angle Turation, Granulation Raw Mat./ <2 mm >4 mm >4 mm
(Grades) (rpm) Time, (min) Ligand Mass Ratio, (g/g)

1 40 20-25 100 4/1 20 178 280

2 40 20-25 90 5/1 28 318 206

3 35 20-25 120 3/1 6 168 478

4 40 25-30 120 5/1 24 302 284

5 40 25-30 120 5/1 74 258 90

6 40 20-25 120 5/1 14 250 328

7 40 20-25 100 4/1 34 278 380

8 45 20-25 130 5/1 148 304 146

9 40 20-25 120 5/1 46 410 105

Ligand composition = 150 g NPK 111 for granulation in 500 mL distilled water + 5% food-grade glycerol solution
final concentration.

A sample of NPK 111 obtained with the parameters of the experimental treatment 9
from Table 3 is presented in Figure 2.

Figure 2. NPK 111 granules.
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The shape of the NPK granules was more or less spherical, which was expected to
happen when using the rotating pan granulator and is comparable with other types of
fertilizer granules obtained using the same method [7,14]. The NPK granules were sieved
in order to separate the granules with a 2-4 mm diameter from the rest. The sieving process
led to three fractions: (1) the granules with a diameter smaller than 2 mm that remained in
the collecting vessel were dried, ground, and reused for the next granulation batch; (2) the
granules with a 2-4 mm diameter were weighed and deposited; (3) the granules with a
diameter over 4 mm, collected on the top sieve, were dried and ground to be reused for the
next granulation batch. The proportion of granules with a 2-4 mm was higher than 73% in
the experimental treatment 9 from Table 3.

The chemical composition of the NPK 1:1:1 is presented in Table 4.

Table 4. Chemical composition of NPK 1:1:1.

. o Total Phosphorous, as Water Soluble
Sample Product Name Total Nitrogen N (%) P,05 (%) Potassium as, K,0 (%)
NPK 1:1:1 complex 17.43 17.9 17.0

The NPK composition was close to the theoretical composition presented in Table 1.
The leftover raw materials during the granulation process probably caused a slight decrease.
What remained was reused for the next batch of NPK 1:1:1 fertilizer.

BET tests were conducted to determine the pore sizes and are presented in Table 5.

Table 5. Pore diameter of NPK 1:1:1 granules.

Pores’ Total Volume Pores’ Medium

.o 2

Sample Product Name Specific Surface (m*/g) (cm¥/g) Diameter (nm)
NPK 1:1:1 0.501 0.0015 12.28

The pore size and the specific surface were similar to those determined in other studies
on NPK fertilizers [9].

The results of the SEM analysis are presented in Figure 3. SEM images reveal a compact
granule with a rough surface suitable for further coating application.

Figure 3. SEM analysis on the surface (left) and section (right) of a 1/1/1 NPK granule.
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From the XRD measurements (Figure 4), the specific diffraction peaks of biphospham-
mite (NHy)(HoPO4) were identified, with the most intense diffraction peaks at the 26
angles: 16.70°, 23.71° and 29.21° (ICDD 01-089-7401). The diffraction peaks for urea (ICDD
02-064-1170) are identified with intense diffraction peaks at the 26 angles: 22.25°,24.61° and
29.32°. The peaks from K;SOy in the form of arcanite have maxima of intense diffraction at
the 20 angles: 30.77°,29.75° and 30.96° (ICDD 00-005-0613).

= NPK 111

0.5

Normalized Intensity (cps)

T T T T T T T T T T T T T T T T 1
10 20 30 40 50 60 70 80 90

20 (%)

Figure 4. The X-ray diffraction (XRD) of the NPK 1:1:1 granules.

The crystallinity degree of the NPK 1:1:1 granules was established to be greater
than 99%. The XRD analysis confirmed the stability of the used raw material during the
granulation process.

4. Conclusions

The granulation experiments using the custom-made rotating pan granulator went as
expected. The ligand that was used (composition: 150 g NPK 111 for granulation in 500 mL
distilled water + 5% food-grade glycerol solution) gave good results, as seen in Table 3
presented above.

The analyses performed showed that the NPK 111 granules are compact and their
composition is close to the theoretical one. The SEM analysis showed compact granules.
The granules with a diameter greater than 2—4 mm were reused in the granulation process
to prevent wasting raw materials. The rotating pan granulator was easy to manipulate and
will be used further for these formulations and tested for film coating capacity.
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