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Abstract: We investigated the mechanochemical synthesis of complex slow release fertilizers (SRF)
derived from glauconite. We studied the effectiveness of the mechanical intercalation of urea into
glauconite using planetary and ring mills. The potassium-nitric complex SRFs were synthesized via
a mechanochemical method mixing glauconite with urea in a 3:1 ratio. The obtained composites
were analyzed using X-ray diffraction analysis, scanning electron microscopy, X-ray fluorescence
analysis, and infrared spectroscopy. The results show that as duration of mechanochemical
activation increases, the mineralogical, chemical, and structural characteristics of composites
change. Essential modifications associated with a decrease in absorbed urea and the formation of
microcrystallites were observed when the planetary milling time increased from 5 to 10 min and the
ring milling from 15 to 30 min. Complete intercalation of urea into glauconite was achieved by 20 min
grinding in a planetary mill or 60 min in a ring mill. Urea intercalation in glauconite occurs much
faster when using a planetary mill compared to a ring mill.
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1. Introduction

Global agricultural production has doubled in the last 50 years, mainly due to the increased use of
fertilizers and pesticides, as well as the development of new crops and technologies [1]. The global
use of nitrogen fertilizers has noticeably increased from 32 million tons in 1970 to about 111.6 million
tons in 2015 [2]. The use of nitrogen fertilizers is expected to grow to 130–150 million tons per year by
2050 [3]. Application of large amounts of nitrogen with low uptake efficiency can result in serious
environmental pollution. The pollution can decrease the quality of water, cause the eutrophication
of coastal marine ecosystems, and increase geochemical smog and global nitrous oxides, such as
greenhouses gas [4–7].

The main environmental problem with excessive nitrogen fertilizer use is associated with the
imbalance between nutrients and the absorption of these nutrients by plant roots, which result in the
loss of chemicals and environmental pollution. Such problems can be solved using new generation
fertilizers, including slow-release fertilizers (SRF) and controlled-release fertilizers (CRF) [8–12].
The main function of a SRF is to gradually deliver nutrients to plants at the required rate to reduce
the excess of these components in the soil [13–15]. Urea, (NH2)2CO, is one of the most used nitrogen
fertilizers due to its high proportion of nitrogen (46%) [16]. Because fertilization of agricultural soils
with urea increases the risks of environmental pollution due to the distribution of excess nitrogen,
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creating SRF composites that control the release of nitrogen to plants is necessary [17–19]. Based
on urea as an SRF component, polymers [20,21], clay minerals such as montmorillonite [22,23], and
kaolinite [24,25] were investigated. Clay minerals are environmentally stable and cheap for the
synthesis of SRF [10,11,26–28].

In this study, for the first time, we investigated glauconite as an inhibitor for urea release.
Glauconite is potassium phyllosilicate (clay mineral) with a dioctahedral structure [29–32] distributed
in ancient marine sediments [33–38]. Due to the high content of K2O (up to 8–9%), glauconite can serve
as an independent unconventional potash fertilizer [39–45] that has a prolonged effect [46]. The aim of
this research was to study the mechanochemical methods of intracalation of urea into glauconite to
synthesize a polyfunctional SRF using planetary and ring mills. The SRF derived from glauconite and
urea functions as a source of nitrogen and potassium.

2. Materials and Methods

2.1. Materials

Glauconite (K0.65–0.69Ca0–0.05(Fe1.46–1.59Mg0.26–0.30Al0.11–0.31)1.96–2.06(Si3.48–3.66Al0.34–0.52)4O10(OH)2

according to scanning electron microscopy (SEM) energy dispersive X-ray spectroscopy (EDS) data [46])
was collected from the Upper Cretaceous rocks of Slavgorod and Gan’kino formations of the Bakchar
deposit in Western Siberia [46]. The technology to enrich glauconite concentrate (with a proportion
of glauconite up to 95%) is outlined in Rudmin et al. [44,45] as follows: wet sieving with a fraction
between 80 and 500 µm and electromagnetic separation at a current of 3.5 A on an elctro-magnetic
separator (EMS) 10/5 (JSC Mining Machines, Russia). The bulk chemical composition of glauconite
concentrate is presented in Rudmin et al. [45] and is characterized by a K2O content of 5.7%. urea
((NH2)2CO), composed of 46.2% nitrogen.

2.2. Mechanochemical Process

SRF was prepared by mixing glauconite (G) and urea (N) in a ratio of 3:1 (GN) and ground for
various durations in a ring or planetary mill under dry conditions. Two grinding options were used to
select the economically optimal method for preparing SRFs. Grinding was conducted in a ring mill
(ROCKLABS Standard Ring Mill) with a rotation frequency of 700 rpm and a mass ratio of powders
and grinding bodies of 1:5 for 15, 30, or 60 min to produce the composites GN-dg15, GN-dg30, and
GN-dg60, respectively. Co-grinding in a planetary mill was conducted for at 5, 10, or 20 min to produce
the composites GN-pm5, GN-pm10, and GN-pm20, respectively. High-energy mechanical activation
of powder mixtures was performed in an AGO-2 planetary ball mill with a rotation frequency of 1820
rpm and a 1:5 mass ratio of powders to grinding bodies.

2.3. Characterization of SRFs

The characteristics of the prepared composites (6 different fertilizers) were studied using scanning
electron microscopy (SEM), X-ray fluorescence analysis (XRF), Fourier transform infrared spectroscopy
(FTIR), and X-ray diffraction analysis (XRD). SRFs were analyzed under TESCAN VEGA 3 SBU
scanning electron microscope (Brno, Czech Republic) with an OXFORD X-Max 50 energy-dispersive
adapter (High Wycombe, UK) with 20 kV accelerating voltage, specimen current of 3–12 nA, and spot
diameter of approximately 2 µm. The major element concentrations of the composites were estimated
using a HORIBA XGT 7200 X-ray fluorescence microscope (Kyoto, Japan) operated at a tube current of
0.5 or 1 mA, beam diameter of 1.2 mm or 10 µm, respectively, and a voltage of 50 kV with detection
limit of 0.01%. The mineralogy of randomly oriented preparations of SRFs was determined using a
Bruker D2 Phase X-ray diffractometer (Billerica, MA, USA) with Cu-Kα radiation at a current of 10 mA
and a voltage of 30 kV. Size-fractions less than 10-µm of powdered samples were scanned from 8◦ to
70◦ 2θ, with a step size of 0.02◦ at a scanning rate of 1.5 s, divergence slit of 1 mm, anti-scatter slit of 3
mm, and receiving slit of 0.3 mm. IR spectra of the SRFs were obtained between 4000 and 400 cm−1
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using a FTIR spectrometer (Shimadzu FTIR 8400S, Kyoto, Japan) with a temperature-controlled high
sensitivity detector (DLATGS) from KBr pellets with a resolution of 4 cm−1 to identify the chemical
bond functional groups in the synthesized composites.

3. Results

3.1. Mineral Composition of SRFs per XRD

The results of XRD for the composite products are presented in Figure 1. Glauconite reflections
are characterized by 10.1–10.9, 5.0, 4.6, 4.5, 3.8, 3.4, 3.2, 2.7, 2.5, 1.9, and 1.8 Å [47]. Urea was identified
based on sharp reflections at 4.0, 3.4, and 1.8 Å. The intensity of the reflection 4.0 Å indicates the
absorbed urea decreases with increasing grinding time. The first reflection shifts slightly from 10.2 to
10.9 Å (Figure 1a) and from 10.1 to 10.6 Å (Figure 1b) with increasing planetary and ring mill grinding
time, respectively.
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Figure 1. XRD pattern of SRF prepared by (a) planetary and (b) ring mills.

3.2. Morphology and Chemical Composition of SRFs per SEM-EDS and XRF

The morphology of the GN-pm5 composite is represented by relics of the glauconite structure
(Figure 2a,b) with inclusions of quartz and a small amount of pyrite, as well as a surface film of urea
(Figure 2c) with a thickness of some hundreds of nanometers. The length of glauconite flakes in this
composite ranges from 1.4 to 2.1 µm. Composite GN-pm10 is represented by microcrystalline forms
(Figure 2e) less than 1 µm, which, in some areas, are microaggregates. These microaggregates have
inherited the outlines of glauconite flakes (Figure 2d). Composite GN-pm20 is characterized by a
cluster of subisometric crystallites 0.4–1 µm in size (Figure 2f,g).
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Figure 2. SEM images of SRF composites prepared by mixing glauconite (G) and urea (U) in a planetary
mill: (a) untreated glauconite; (b,c) GN-pm5 with relics of the glauconite structure and surface film of
urea; (d,e) GN-pm10 with microcrystalline forms, which cover microaggregates of glauconite flakes;
(f,g) GN-pm20 with prismatic or subisometric microcrystallites.

The morphology of composites particles produced using a ring mill depends on the grinding
time. The composite synthesized in 15 min (GN-dg15) is characterized by laminar, and less frequently,
pseudoglobular microstructures (Figure 3a), with acicular urea microcrystallites being observed.
The relics of the glauconite structure were observe in the composite (Figure 3b). After 30 and 60 min
of grinding, new composites formed (GN-dg30 and GN-dg60, respectively) that consist of elongated
prismatic or subisometric microcrystallites moderately ordered into domain-like clusters (Figure 3c,d).
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The average chemical composition of the composites is presented in Table 1. The content of the
main elements in composites, obtained by grinding in planetary or ring mills, varies depending on the
milling duration. The maximum amount of N2O5 was 17.2% in GN-dg15, and 4.2% K2O in GN-pm10
and GN-pm20. In addition, P2O5 (up to 0.5%), SO3 (up to 0.4%), CaO (up to 0.7%), and MgO (up to
3%) were present in the composites.

Table 1. Chemical composition of glauconite-urea composites.

Composites N2O5 MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 Fe2O3(total)

GN-pm5 15.7 2.8 12.7 44.8 0.5 0.3 3.2 0.7 0.4 19.4
GN-pm10 11.8 2.7 8.2 43.9 0.4 0.4 4.2 0.6 0.3 27.9
GN-pm20 12.3 3.0 9.8 45.4 0.5 0.3 4.2 0.7 0.3 25.4
GN-dg15 17.2 2.7 10.1 45.3 0.3 0.2 4.1 0.6 0.2 19.8
GN-dg30 13.8 1.5 6.4 47.5 0.3 0.3 4.0 0.6 0.3 26.1
GN-dg60 16.7 2.0 7.5 44.0 0.3 0.3 3.9 0.6 0.2 25.0

3.3. Chemical Structure of SRFs Determined Using FTIR

At low frequencies, a slight elevation occurs in the characteristic peak of urea at 720 and
790 cm−1 in composite products (NH2 and CO vibrations), with the maximum occurring for 20- and
60-min intercalation in the planetary (Figure 4a) and ring (Figure 4b) mills. Characteristic peaks of
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glauconite [48] in the composites are as follows (cm−1): 435 (Si–O band), 460 (Si–O–Si band), 490
(Si–O–Fe bend), 1025 (Si–O stretch). The asymmetric peak (NH2 strain) at 1155 cm−1 decreases with
increasing grinding time. CN asymmetric deformations at 1465 cm−1 are characteristic of all composites.
The characteristic vibrations at 1610, 1620, and 1670 cm−1 are associated with the variations in urea CO
stretching, and NH2 and NH deformations, respectively. The peaks at 3345 and 3450 cm−1 correspond
to the stretching of NH and NH2, respectively. Peaks around 2950–2900 cm−1 for composites produced
by the ring mill (Figure 4b) are probably organic admixtures of glauconite [47] that were decomposed
by planetary grinding.
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4. Discussion

Changes in the mineralogical composition of the SRF composites were investigated using XRD.
As the grinding time in a ring or planetary mill increases, the intensity of the peak decreases at 4.0 Å
(Figure 1), which indicates a decrease in the absorbed urea. The shifts in the first reflection (between
10.1 and 10.9 Å) during grinding indicate the increasing degree of urea intercalation into glauconite.
Absorbed urea disappears when ground in a ring mill for 60 min (Figure 1a) and in a planetary mill
for 20 min (Figure 1b). The morphology of the composites changes with increasing mill grinding
duration. For the products synthesized using a planetary mill, with increasing grinding time from 5 to
10 min, the scaly structure of the clay mineral and the surface film of urea disappear and homogeneous
microcrystallites appear. During this grinding time (between 5 and 10 min for a planetary mill),
amorphization of urea likely occurred with the subsequent formation of microcrystallites, which
affected the sharp decrease in the XRD peak (4.0 Å) of absorbed urea (Figure 1a). Twenty minutes
of grinding in a planetary mill and 60 min in a ring mill produced composites with a homogeneous
microcrystalline mass with contents of 12.3% and 16.7% N2O5 and 4.2% and 3.9% K2O, respectively,
as well as impurities in the form of complex nutrients, namely P, S, Fe, Ca, and Mg. The presence of
pyrite in composites synthesized quickly (5 min in a planetary mill or 15 min in a ring mill) indicates
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the integrity of the initial mineral structure of glauconite, which is characterized by the presence of
sulfides [38].

The main chemical composition of the composites (Table 1) depends on the composition of the initial
glauconite, which has already been shown to have a positive influence as a mineral fertilizer [44,46].
The produced glauconite–urea complex fertilizers can serve as a source of exchangeable P, Ca, and
Mg [46]. Preservation of the chemical composition and microcrystalline form of nitrogen according
to SEM prevent the decomposition of urea or its complete amorphization during mechanochemical
activation with glauconite.

IR spectroscopy of the synthesized composites demonstrated the interaction of urea molecules
with glauconite molecules (Figure 4). Increasing the grinding time in planetary or ring mills decreased
the intensity of asymmetric peaks of C–N vibrations at 720, 790, and 1155 cm−1. The intensity of
the symmetric deformation of N–H at 1465 cm−1 decreased as well, but peaks of the clay minerals
remained. The change in the intensity of the C–N and N–H strains can be explained by the intercalation
of these molecules into the interlayer space [21,23,49,50] of the dioctahedral mineral (glauconite). This
is consistent with the relatively stable chemical composition of the composites (Table 1) and XRD
spectra (Figure 1). Small changes in the chemical composition of composites depend on the temperature
increase during mechanochemical activation, and as a result, local decomposition of urea [51].

Full intercalation of maturing of glauconite and urea (in a 3:1 ratio) is achieved with a 20 min
synthesis in a planetary mill or 60 min in a ring mill. These results are consistent with the data
on the mechanochemical activation of montmorillonite [23] and kaolinite [25] when using them as
SRF. Compounds based on glauconite and urea, produced using mechanochemical methods, are
recommended for testing as potassium–nitrogen complex mineral SRFs.

5. Conclusions

With increasing mechanical activation time, we observed mineralogical, chemical, and structural
changes in the composites. Substantial modifications associated with a decrease in the absorbed urea
and formation of microcrystallites were observed with increasing planetary milling time from 5 to 10
min and increasing ring milling time from 15 to 30 min. The decrease in the intensities of NH2, NH,
CN, and CO deformations on the IR spectra of composites confirms the intercalation of these molecules
into the interlayer of glauconite.

The potassium-nitric complex SRFs were synthesized via the mechanochemical method of mixing
glauconite with urea in a 3:1 ratio. Complete intercalation of urea into glauconite was achieved by 20
min abrasion in a planetary mill or 60 min abrasion in a ring mill.
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