
����������
�������

Citation: Rudmin, M.; Banerjee, S.;

Makarov, B.; Ibraeva, K.;

Konstantinov, A. Mechanical

Activation of Smectite-Based

Nanocomposites for Creation of

Smart Fertilizers. Appl. Sci. 2022, 12,

809. https://doi.org/10.3390/

app12020809

Academic Editors: Claudio De

Pasquale and Victoria Krupskaya

Received: 27 October 2021

Accepted: 12 January 2022

Published: 13 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Mechanical Activation of Smectite-Based Nanocomposites for
Creation of Smart Fertilizers
Maxim Rudmin 1,2,* , Santanu Banerjee 3 , Boris Makarov 4,5, Kanipa Ibraeva 6 and Alexander Konstantinov 2

1 Division for Geology, Tomsk Polytechnic University, 634050 Tomsk, Russia
2 Laboratory of Sedimentology and Paleobiosphere Evolution, University of Tyumen, 625003 Tyumen, Russia;

konstantinov.alexandr72@gmail.com
3 Department of Earth Sciences, Indian Institute of Technology Bombay, Mumbai 400076, India;

santanu@iitb.ac.in
4 Department of Plant Physiology and Biotechnology, Biological Institute, Tomsk State University,

634050 Tomsk, Russia; makar189@mail.ru
5 Siberian Research Institute of Agriculture and Peat, Branch of the Siberian Federal Science Centre of

Agrobiotechnologies, 634050 Tomsk, Russia
6 School of Energy & Power Engineering, Tomsk Polytechnic University, 634050 Tomsk, Russia; kti1@tpu.ru
* Correspondence: rudminma@tpu.ru; Tel.: +7-8-3822-60-62-45

Abstract: This research presents the mechanical creation of smart fertilizers from a mixture of smectite
and urea in a 3:2 ratio by using the planetary milling technique. The smectite–urea composites show
intercalation between urea and mineral, which increases steadily with increasing activation time.
A shift of X-Ray Diffraction basal reflections, intensities of Fourier transform infrared spectroscopy
(FTIR) peaks, and weight losses in thermogravimetric analysis (TG) document the systematic crystallo-
chemical changes of the composites related to nitrogen interaction with activation. Observations of the
nanocomposites by scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
corroborate the inference. Nitrogen intercalates with smectite in the interlayer space and remains
absorbed either within micro-aggregates or on the surface of activated smectites. Soil leaching tests
reveal a slower rate of nitrogen than that of traditional urea fertilizers. Different forms of nitrogen
within the composites cause their differential release rates to the soil. The formulated nanocomposite
fertilizer enhances the quality and quantity of oat yield.

Keywords: smectite; urea; fertilizer nanocomposite; mechanical activation; controlled release fertilizer;
nitrogen fertilizer; polyfunctional fertilizer

1. Introduction

Controlled-release fertilizers (CRF), or smart fertilizers [1], are essential for future,
environment-friendly agronomic activities [2–9]. The agricultural productivity needs to
increase to match the growing demand for food, as food requirement is expected to increase
by 50% by 2050 [4,10,11]. Eco-friendly agronomic activities and waste-free crop production
are crucial to sustain the demand. The application of traditional fertilizers causes adverse
environmental consequences, although they increase the quality and quantity of crop [12].
The indiscriminate use of nitrogen fertilizers induces serious environmental problems,
including nitrification, denitrification, downstream degradation of water quality, loss via
runoff, volatilization, etc. [13,14]. The excess nutrients released by traditional fertilizers
deteriorate subsurface and surface water [6,12,14–16]. The development of fertilizers with
controlled nutrient release properties is a solution to this problem [5,6,17,18].

Several investigations were carried out in the past to assess the fertilizer poten-
tial using diverse materials, which include nanocomposites, such as polymers [3,19–23],
clay minerals [23–27], or composites of synthetic and natural substances [28–32]. Com-
pared to most synthetic products, clay minerals are cheap and easily available. Smectite
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(montmorillonite), kaolinite, and, to a lesser extent, palygorskite or attapulgite, vermiculite,
and chrysotile, as well as glauconite, are found to be potential CRFs [5,28,30,33–36].

The “green” fertilizers are formulated by choosing an inhibitor or substrate and nutri-
ents appropriately [2,24,32–34,37–41]. Smectite is a useful “inhibitor” because of the high
specific surface area caused by nano/micro-scale particles within it. The high surface charge
and exchangeable structural sites (interlayer) in smectite facilitate nutrient exchange. There-
fore, this geomaterial shows good sorption and ion-exchange properties [27,29,35,36,42].
It is used for “smart” fertilizer preparation by physical and mechanochemical methods
involving dispersion and/or encapsulation techniques [21,40,43,44].

The goal of this work is to create effective and eco-friendly smart fertilizer by the
activation of a smectite–urea mixture using the planetary mill, and to estimate the inter-
action between nitrogen and smectite. This study investigates different forms of nitrogen
within the nanocomposites produced after the mechanical activation of initial mixtures
and estimates the extent of intercalation, adsorbed, and absorbed nitrogen. Plant growth
experiments were carried out to demonstrate the usefulness of CRFs on plant growth.

2. Materials and Methods
2.1. Minerals and Materials

This study uses smectite concentrate, the average formula of which is more as follows
Na0.03–0.31Ca0.06–0.13(Al1.24–1.93Mg0.19–0.36Fe0.07–0.10)1.82-2.06Si3.68–4.03Al0.05–0.32O10(OH)2n

H2O [36].
The average formula of smectite was calculated based on energy-dispersive X-ray

spectra (at least 50 analyses).

2.2. Mechanical Preparation of Composites

Initially, smectite (S) and urea (N) were mixed in the ratio of 3:2 (S3N2). The smectite–
urea mixture was powdered under dry conditions by milling for different durations. The
activation parameters were the following: an AGO-2 planetary mill, a rotation frequency
of 1820 rpm, and a 1:5 ratio of powder to grinding bodies. The activation was con-
ducted for each mixture (each weighing 20 g, which includes 12 g of smectite and 8 g
of urea) for 3, 8, or 11 min to obtain three composites, named S3N2pm3, S3N2pm8, and
S3N2pm11, respectively.

2.3. Analytical Study of Composites

Physical and chemical parameters of the composites were investigated using X-ray
diffraction (XRD), scanning electron microscope attached with energy-dispersive X-ray spec-
troscopy (SEM-EDS), transmission electron microscopy (TEM), Fourier transform infrared
spectroscopy (FTIR), and thermo-gravimetric analysis (TG). X-ray diffraction patterns of
composites were obtained using a Bruker D2 Phase X-ray diffractometer (Billerica, MA,
USA) by the following settings: Cu-Kα radiation at a current of 10 mA, a voltage of 30 kV,
2-theta range (2θ) from 4◦ to 70◦, a step size of 0.02◦ at a scanning rate of 1.5 s, divergence
slit of 1 mm, the anti-scatter slit of 3 mm, and receiving slit of 0.3 mm. The composites
were scanned by a scanning electron microscope of TESCAN VEGA 3 SBU (Brno, Czech
Republic) with an OXFORD X-Max 50 adapter (High Wycombe, UK). Three composites
were further scanned using a JEOL JEM-2100F (JEOL Ltd., Tokyo, Japan) transmission
electron microscopy. A drop of a fine particle suspension was transferred to a copper grid
(300 mesh, 3.05 mm in diameter) covered with a carbon film before TEM investigation at
200 kV. The infrared spectra of the samples were studied by using an FTIR spectrometer
Shimadzu FTIR 8400S (Shimadzu, Kyoto, Japan) with the following parameters: a range
from 4000 and 400 cm−1, and a resolution of 4 cm−1. Thermogravimetric analysis (TG) was
conducted using an STA 449 F5 Jupiter micro-thermal analyzer (NETZSCH, Germany) by
using the following conditions: a temperature diapason of 25–1000 ◦C, a heating rate of
10 K/min, and an inert argon atmosphere. The amount of intercalation between the urea
and clay mineral was determined by the weight loss in the range of 300–580 ◦C.
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2.4. Soil Column Leaching Experiments

The nutrient release behavior of the smectite–urea composites was conducted by
soil column leaching experiments [45–48]. Before testing, the total N content of each
nanocomposite was determined by the Kjeldahl method. A bulk soil sample was collected
from 0 to 20 cm deep surface layer from an experimental farm at Tomsk in Western Siberia.
The soil was dried at room temperature after cleaning roots of plants and coarse materials
(using a 2 mm sieve). The dry soil (80 g) was separately mixed with composites (65 mg) and
traditional urea (39 mg) at a dose of 380 mg N·kg−1 dry soil. Nitrogen content in composites
was 30 mg. Care was given to make the mixture homogenous. The resultant mixture was
taken into a PVC tube with a 100-mesh screen at the bottom (inner diameter 7 cm and
height 25 cm). The bottom of the column was fitted with a Whatman filter paper #42. A
PVC cap at the bottom of the column, with numerous small openings, prevented the loss of
soil from the column. The surface of each soil column was covered with quartz sands to
minimize the loss of volatiles. The experiment was carried out in a completely randomized
design with five treatments, including three varieties of smectite–urea composites, with
urea and one control devoid of composite/urea. Each treatment was repeated three times.

Throughout the experiment, the soil water content was maintained at 75% field
capacity by weighing after 1, 4, 7, 14, 21, 28, 42, and 56 days. An amount of 200 mL of
deionized water was added slowly into each soil column, and the leachates were collected
in a 50 mL conical flask. Then, the leachates were filtered and stored at −24 ◦C the
chemical analyses. The potassium (K+), ammonium (NH4

+), and nitrate (NO3
−) contents,

as well as the pH, were determined by AutoAnalyzer 3 (Bran Luebbe, Hamburg, Germany).
Cumulative leaching amounts were calculated to evaluate the nitrogen release behavior
of the prepared composites. The final values of cumulative leaching were determined by
averages of three repetitions.

2.5. Plant Growth Test

Germination experiments were carried out by using the composite S3N2-pm3/8/11.
The untreated soil sample and the traditional urea fertilizer are, hereafter, referred to as the
control samples. Oat (Avéna satíva) seeds were germinated at room temperature (26 ± 1 ◦C)
over 20 days on glass Petri dishes (9 cm diameter and 1.5 cm height). The composites and
the urea were introduced into the soil at a concentration of 90 kg/ha. Each analysis was
repeated three times. The soil used for this experiment was weakly acidic, agricultural dark
grey, with 5.1 pH, and 4.1% of organic carbon. This soil is typical of S-E Western Siberia.
The plants were watered every morning. Germination rate, seedling (plant) height, and dry
weights of plants were measured. The germination rate is the ratio between the emergence
number and the sown seed number. The germination rate was recorded daily in the first
four days. The emergence amount was determined with plants having 2 cm of topsoil. The
height and weight of oat plants were measured after harvesting (after 20 days). The oat
seedlings were wrapped separately with paper sheets and kept in an oven (LF-25/350-GG1;
JSC “Laboratory Equipment and Instruments” (LOIP), Saint Petersburg, Russia) at 80 ◦C.
As weights of seedling samples stabilized, their “dry weights” were measured.

2.6. Statistical Analysis

Statistical analysis of results was carried out using Microsoft Excel 365. Values were
calculated as arithmetic means with standard deviations. Means were performed by the
least significant difference test at the 0.05 probability level.

3. Results
3.1. Physical and Chemical Characteristics of Composites

The XRD patterns for the composites (Figure 1) show the prominent reflections of
smectite (montmorillonite) at 14.3–17.3 and 4.5 Å. The reflections at 4.0, 3.6, 3.1, 2.8, 2.5,
2.4, 2.2, 1.8, and 1.7 Å confirm the presence of nitrogen. The reflections at 4.3 and 3.4 Å
correspond to quartz (4%) impurities in the smectite concentrate. The XRD patterns
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also demonstrate the presence of illite and kaolinite (both up to 0.5%) at 10.0 and 7.1 Å,
respectively. The basal reflection of smectite shifts from 14.3 to 17.3 Å (Figure 1) as the
grinding time is increased from 3 min to 11 min.
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Figure 1. XRD patterns of the composites for different grinding times. Note the shift of smectite (M),
urea (U) and quartz (Q) peaks in the composites.

The composite includes relics of smectite particles and flakes (Figure 2). A nitrogen
coating mantles mineral micro-aggregates in S3N2pm11. The length of the mineral micro-
aggregate’s ranges from 10 to 200 µm. The urea coating may be up to 5 µm thick (Figure 2C).
The urea coating thickens gradually as the operation time increases. The adsorbed urea
crystallites within the coating have diameters ranging from 30 to 80 nm. They are admixed
with nanoparticles of smectite (Figure 3). TEM images with SAED (Figure 3) show distinc-
tive interplanar spacings for the following minerals: smectite of 17.1 Å and 4.5 Å; and urea
of 3.6 Å, 3.1 Å, and 2.8 Å.
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Figure 2. SEM images of composites S3N2pm3 (A), S3N2pm8 (B), and S3N2pm11 (C). Note the
thicker urea coating in S3N2pm11 compared to other composites. U—urea particles, Sme—smectite
(montmorillonite) relics.
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The composites of S3N2pm3/8/11 (Figure 4) show minor changes of low wavenum-
ber with increasing activation time. FTIR spectra of composites include peaks of CO at
790 cm−1 and Si-O stretching at 1050 cm−1. All composites show a gentle peak at 720 cm−1

(NH2). The NH2 peak is identified at 1155 cm−1 in all the composites. Composites exhibit
the asymmetric deformation of the C–N at 1463 cm−1. Peaks at 1629–1650 cm−1 (NH2) and
the flat 1662–1683 cm−1 (NH) are distinctive of the composites. These two peaks appear
stronger in S3N2pm11 compared to S3N2pm 3/8. FTIR peaks of S3N2pm11 characteristi-
cally exhibit a peak at 3344 cm−1, probably reflecting the nitrogen coating. The NH2 peak
shifts from 3485 to 3440 cm−1 with increasing grinding time. All composites show a peak
of 3620 cm−1, which is associated with IR-vibration Al-OH-Al of montmorillonite.
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The composites are characterized by six weight loss steps on the thermogravimetric
(TG) curves: 0–135 ◦C, 135–240 ◦C, 240–300 ◦C, 300–450 ◦C, 450–580 ◦C, and 580–1000 ◦C
(Figure 5, Table 1). The curves of composites exhibit weight losses by 0.8–1.1% and
20.4–21.0% in the steps of 20–135 ◦C and 135–240 ◦C, because of the release of free water and
adsorbed urea, respectively [49,50]. The third and fourth weight loss steps at 240–300 ◦C
and 300–450 ◦C indicate the decomposition of absorbed and intercalated urea, respec-
tively [39,51]. The absorbed urea (within smectite micro-aggregates) is removed by weight
losses of 3.2–3.7% (equal to 8–9.2% of used urea) in a weight loss range of 240–300 ◦C. Part
of the intercalated urea is lost by 12.9–13.6% in a step of 300–450 ◦C. The fifth step at the
temperature range of 450–590 ◦C corresponds to the removal of intercalated urea [52] by
4.1–4.9% from the composites. In general, the intercalated urea in composites becomes
17.0–18.4%, equal to 42.5–46.0% of used urea. The temperature interval 590–1000 ◦C (the
six weight loss step) corresponds to the dehydroxylation of mineral [53] by 2.0–3.1%. The
maximum nitrogen intercalation into the smectite was obtained for a grinding time of
11 min.

Table 1. The weight losses (%) of smectite–urea composites according to TG curves.

Weight Loss Steps, ◦C S3N2pm3 S3N2pm8 S3N2pm11

0–135 0.8 1.0 1.1
135–240 20.4 21.0 20.9
240–300 3.2 3.6 3.7
300–450 12.9 13.6 13.5
450–580 4.1 4.3 4.9

580–1000 3.1 2.1 2.0
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Figure 5. TG patterns of smectite–urea composites compared with smectite. The weight losses of the
intercalated nitrogen in intervals of 300–450 ◦C and 450–590 ◦C.

3.2. Nutrient Release Characteristics of Composites

The release of nitrogen from the composites was studied by the soil column leaching
experiment (Figure 6). The release of ammonium (NH4

+) from the composites was faster
in the first 7 days than in the remaining period (Figure 6A). The ammonium content in
the leached solution was almost similar in the first few days for all composites. After the
first week, the composite S3N2pm11 released higher NH4

+ relative to others. The leaching
rate of ammonium was stable after the 28th day for all samples, which was followed by
the overlapping leaching curves (Figure 6A). The urea control released ammonium at the
fastest rate at each stage of the experiment. The release of nitrates took place at different
rates during the experiment (Figure 6B). The nitrate was leached in four steps, namely:
up to the 7th day, from the 7th to 21st day, from the 21st to 28th day, and from the 28th to
56th day. However, the urea control released the most nitrate at all stages. The composite
S3N2pm11 released nitrate at the slowest rate. The rate of release of nitrate stabilized after
the 28th day for all samples. The total nitrogen was released in four stages, following the
similar fashion of nitrate release (Figure 6C).
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3.3. Application of Composites for Plant Growth

The germination rate of the plant (Figure 7A) varied from 92.0% to 95.9% for plots
with the composites. The germination rate increased by 5.2% compared to the control while
using the S3N2pm11 composite. In comparison, the germination rate increased by 6.6%
in the case of urea relative to the control. The average height of seedlings increased more
with the application of the composites compared to the control (Figure 7B). The composite
showed an increase in plant height ranging from 3.0% to 7.3% relative to the control sample.
The S3N2pm11 composite recorded the maximum increase. The rate of increase of dry
weight (Figure 7C) of plants was higher in the case of composites and urea than the control
soil. The urea showed the maximum increase of dry weight. The dry weight recorded 6.1%
more increase in the composite S3N2pm11 than the control. The composite S3N2pm11 and
the urea showed higher growth of seedling weight than others (Figure 7).
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4. Discussion
4.1. Nanocomposites Made up of Smectite and Urea Mixture

The creation of clay-based smart fertilizer is performed using different approaches,
including milling [24,33,34,41], aqueous suspension technique [29], premixing the compo-
nents, followed by extrusion and drying [52,54], mixing of bentonite and liquefied urea [55],
and using irradiation method [35]. The previous mechanochemical activation tests were
conducted with a mixture of smectite and urea in a 2:3 ratio [36]. It led to the creation
of composites with different forms of nitrogen. This research focuses on new ratios of
substances in composite products and an optimal activation time in planetary milling and
on the variable rates of release of nitrogen depending on the interrelationship between
smectite and urea in the composites. Three types of interrelationships between smectite
and urea, which were observed by morphology and structure of composites (Figures 1–5),
are as follows: (i) nitrogen intercalations in the interlayer space of smectite, (ii) nitrogen ab-
sorption into the micropores of smectites, and (iii) adsorption of nitrogen as films covering
micro-aggregates of smectite.

The planetary milling activation of a smectite and urea mixture in a ratio of 3:2 leads
to the formation of controlled release fertilizer nanocomposites. The intercalated urea
increases from 17.0 to 18.4% as the grinding time is increased from 3 min to 11 min. The
external coating of micro-aggregates thickens by 20.4–21.0% as the duration of milling
increases (Figure 2C).

The shift of the basal reflection to higher d-values with increased activation duration
corresponds to increased nitrogen in the interlayer mineral space (Figure 1). The shift of 001
reflection indicates the replacement of solvating cations by urea in activated composites
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(Figures 1 and 3), recorded by the absence of the weight loss of solvating water from
smectite. Composites are characterized by the shift of the basal reflection from 14.3 to
17.3 Å, indicating the presence of nitrogen within the smectite structure. The nitrogen
remains absorbed within the isometric microcrystallites (up to 80 nm long) within the
smectite (Figure 3).

The intensity of NH2 at 1155 cm−1 increased by enhanced operation time, related
to the adsorption of nitrogen on smectite flakes (Figure 4). The NH2 peak changed from
3485 cm−1 to 3440 cm−1 with increased activation time, suggesting intercalation of nitrogen
molecules. The shifts of NH2 and NH peaks indicate the gradual intercalation of these
molecules into the interlayer space of smectite (Figure 4) with increasing activation time.

4.2. Usefulness of Composites as Smart Fertilizers

The results of this research are comparable with the data obtained by the mechanochem-
ical activation of smectite [29,55–57], glauconite [27,36,58], palygorskite [19,59], and kaolin-
ite [39,40,60] for application as modern polyfunctional fertilizers. Nitrogen is released from
the composites at different rates for the duration of the experiments (Figure 6), which is
probably due to various forms of nitrogen. The external coating releases the nitrogen at the
initial stage while the absorbed nitrogen is released at the next stage, after 21 days of soil
leaching experiment. The intercalated portion releases nutrients at the final stage.

The introduction of the composites within weakly acidic soil boosts the seeding
and growth of oat (Avéna satíva). The S3N2pm11 composite is found to be the most
effective for promoting plant growth (Figure 7). The S3N2pm11 composite and traditional
urea show comparable effectiveness regarding crop production (dry weight and plant
height). Therefore, composite fertilizers, based on smectite and urea mixture, are an
alternative to traditional urea. The ability of the composites to release nutrients slowly
makes it an environment-friendly option for composite fertilizer. Moreover, the smectite–
urea composites are controlled-release fertilizers. Future studies need to include suitable
and eco-friendly minerals with macro- and micronutrients and cost-effective techniques
for CRF.

5. Conclusions

Mineral-based composites with controlled-release properties were formulated by the
mechanical activation of smectite and urea mixture in a ratio of 3:2. The composites showed
the different interrelationships between smectite and nitrogen. The nitrogen may remain
intercalated in mineral interlayer space and absorbed either in the pores between micro-
aggregates or on the surface of activated mineral particles. The composites boost plant
growth effectively. Due to the controlled release of nitrogen, the composites are considered
as smart fertilizers. Soil leaching tests confirm the slow release of nitrogen compared to
traditional fertilizers. Therefore, activated composites are polyfunctional fertilizers. The
composites support the growth of oat, similar to traditional urea fertilizer.
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