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Abstract

Biodegradable chitosan was used to cover fertilizer granules with an inert, impermeable layer in order to obtain a material with
controlled release properties. The process was performed in a laboratory drum granulator. Prepared materials were characterized
with available analytical methods (XRD, optical microscopy). The layer thickness of the obtained materials was in the range of
0.047 — 0.5425 mm. The degree of nutrients' release (0.64-0.965 within five hours) were determined with standardized method.

Exponential, sigmoidal and power equations were used to describe the kinetics of nutrients' release.
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1. Introduction

The world consumption of mineral fertilizers
in 2009 was around 165.1 mLn Mg NPK (101.1 mLn
Mg N, 37.5 mLn Mg P,0s, 26.5 mLn Mg K,O) (IFA,
2009). An increased production of fertilizers and soil
fertilization contrasts with a relatively low nutrient
assimilation by crops; it is estimated that the
assimilation reaches 30-50% for nitrogen, 10-25%
for phosphorous and 50-60% for potassium (Finck,
1992; Hauck, 1985; Shaviv and Mikkelsen, 1993).

Low effectiveness of mineral components
(mainly nitrogen) assimilation causes serious
problems in view of environmental protection
(Newbould, 1989; Shaviv and Mikkelsen, 1993),
human (Forman, 1989; Hauck, 1985; Newbould,
1989; Shaviv and Mikkelsen, 1993) and animal
(Forman, 1989; Newbould, 1989) health. It also has
unfavourable effects in the economic aspect of the
issue: material losses, spent energy and human work
effort negatively affect the total economic balance of
the whole agrochemical production process. At the
same time, a consumption of non-renewable sources

of energy (such as natural gas) used for production of
mineral fertilizers, should also be pointed out.

The task of paramount importance is to
increase the effectiveness of plants’ nutrients
assimilation and to decrease material losses, while at
the same time to limit the amount of fertilizers’ waste
material produced by the industry. This can be
achieved, among other things, through the
development, production and application of the so-
called "intelligent fertilizers", which release mineral
components according to the nutrient requirements of
the plants. The examples of such materials are slow
release fertilizers (SRF) and controlled release
fertilizers (CRF).

According to AAPFCO (A4ssociation of
American Plant Food Control Officials) (AAPFCO,
1997) slow release fertilizers are chemically or
biologically decomposed materials with a high
molecular weight, complex structure and small
solubility, whereas controlled release fertilizers are
materials in case of which the release of mineral
components takes place through a polymer layer or a
membrane.
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Among the slow release fertilizers only three
groups of products of wurea and aldehydes
condensation are of commercial importance: urea-
formaldehyde (UF), urea-isobutyraldehyde (/BDU™)
and urea-crotonaldehyde (CDU™). Presently five
types of urea-formaldehyde  products are
manufactured and have the largest share of the slow
release fertilizer market. Urea-isobutyraldehyde and
urea-crotonaldehyde products are less widely used
because of higher costs of production.

A technology of controlled release fertilizers
(CRF) production is well-established from the early
sixties of the 20th century (Lunt, 1971; Lunt and
Oertli, 1962; Oertli and Lunt, 1962; Oertli, 1980) and
it consists in covering of fertilizer granules with an
inert layer. The first technology of this type — sulphur
coated urea (SCU) — was developed by TVA
company (Tennessee Valley Authority, USA) in 1961.
Despite of indubitable merits, nitrogen release from
SCU fertilizers is relatively fast, therefore their
significance gradually diminishes to the benefit of the
polymer-coated fertilizers (PC). At present many
various polymer-coated fertilizers are produced and
they differ in the kind of polymer used and the
manufacture technology (Trenkel, 2010), i.e.:
Osmocote™, Multicote™, Plantacote™, Meister™,
Nutricote™, Basacote™, PolyonTM.

The world production of SRF/CRF is around 1
mLn Mg, and it constitutes 0.2% of overall mineral
fertilizer production. 64% of SRF/CRF is consumed
in USA, 21% in Japan, the rest in Europe (Trenkel,
2010). Taking into account the current pace of
fertilizer industry development, the production of
SRF/CRF in 2020 may amount to around 1.9-2.2
mLn Mg.

One of the CRF drawbacks, particularly
polymer-coated CRF, is that after nutrients'
consumption there is still a considerable amount of
useless polymer left in the soil, around 50 kg/ha per
year (Trenkel, 2010). A good and possible solution,
although not as yet used on a technological scale, is
to produce CRF using biodegradable materials
(Akelah, 1996; Perez-Garcia et al., 2007),
manufactured from raw materials renewable in the
process of biosynthesis. One of such materials is
chitosan — poly(2-amino-1,4-B-glukane) — natural
polysaccharide =~ produced  commercially by
deacetylation of chitin (Monteiro and Airoldi, 1999),
which is the structural component of sea crustaceans.
Chitosan easily undergoes biodegradation in natural
environment and it is highly biocompatible.
Additionally, it has unique polycationic properties.
Owing to its features it is being intensively
investigated in the pharmaceutical industry, as it
might be used in the systems of controlled drugs
release (Felt et al., 1998; Illum, 1998; Yao et al,
1995). For several years now, scientists have been
examined the possibility of using chitosan in the
agrochemical industry. The main area of research is
focused on how to use chitosan as a nutrient in
organic or mineral fertilizers, which can improve soil
fertility, enhance plants' growth and stimulate crops'
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yield (Chibu et al., 2002; Ohta et al., 2000, 2004a,
2004b; Seo et al., 2000). The interest of using
chitosan as a fertilizer compound, that could be
responsible for nutrients controlled release, is
relatively small and merely few papers from this area
of research can be found in the literature (Entry and
Sojka, 2007, 2008; Jamnongkan and Kaewpirom,
2010; Wu and Liu, 2008; Wu et al., 2008).

The objective of this research was to obtain
materials with controlled release properties by
covering granules of mineral fertilizer with a layer of
chitosan as an example of biodegradable, natural
polymer, with the use of a laboratory drum granulator
and spraying method. The aim of the work was also
the evaluation of the nutrients release kinetics from
the prepared materials. To interpretation of the
release kinetics three equations (power, exponential
and sigmoidal) have been applied in order to check
which of them fits best the kinetic data.

2. Experimental
2.1. Materials

Purified and characterized in  detail
(Bartkowiak and  Hunkeler, 1999a, 1999b)
oligochitosan, with a molar mass M;=5000 g/mol and
the degree of deacetylation >95%, was obtained by
radical degradation as previously described
(Bartkowiak, 2001), where chitosan with a molar
mass M,;=50000 g/mol was used as a starting
material (Hutchinson/McNeil Int., Philadelphia,
USA, product E-055). In the investigation 18%
solution of oligochitosan in 1 M acetic acid was used.
The additives used in the experiments were:
glycerine C;HgO5 (p.a., POCH, Gliwice, Poland) as a
plasticizer, sodium tripolyphoshate TPP (p.a., POCH,
Gliwice, Poland) as a compound with three
orthophosphoric groups that increase the ability of
formation  gel-polyelectrolyte  complexes  with
chitosan, a 25 wt% solution of a natural wax
Candelilla (PPH Standard, Warsaw, Poland) as a
modifier increasing hydrophobic properties of
obtained materials.

As a source of active mineral components (N,
P, K) the commercial, granulated, multicomponent
fertilizer (Fosfan SA) was used in the experiment.
Photometry  (Spekol 11) and potentiometry
(ammonium ion selective electrode, Orion) were used
to determine the total content of nitrogen (5 wt% N-
NH, + N-NHy). The content of phosphorous (6 wt%
P,05) and potassium (10 wt% K,0) were determined
with photometry and flame photometry (Flapho 40),
respectively. The measured contents of mineral
components are consistent with the data declared by
the fertilizer's manufacturer.

2.2. Method

Granules of multicomponent fertilizer were
covered with a layer of biodegradable mixture of
chitosan and the additives by the spraying method in
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the laboratory drum granulator (capacity 20 dm’, 10
r.p.m.). A process temperature was kept at a level of
85-105°C.

2.3. Characterization

Morphology of the prepared samples was
assessed by means of photography and optical
microscopy. The thickness of the covering layer was
determined with the use of optical microscope Nikon
Eclipse 50i (magnification 10x10). XRD experiments
were performed on an X'Pert PRO (Philips) powder
diffractometer with a proportional detector,
computer-aided data acquisition and a copper lamp as
an X-ray radiation source. The XRD patterns were
recorded in the range of 20 equal to 10-60°. The
measurements of time and the degree of release of
mineral components from the obtained materials
were performed in water, according to the
standardized method (Trenkel 2010, European
Standard EN 13266, 2001). Five granules of the
prepared materials (2 g with the accuracy of 0.0001
g) were placed in a glass beaker containing 100 mL
of water at temperatures of 25°C. After given periods
of dissolution the solution was taken for analysis.

The amount of released phosphates was
measured in regular periods of time up to 5 hours.
Gravimetric and photometric methods were used to
determine the amount of released phosphates. It has
been shown recently (Perez-Garcia et al., 2007) that
the release of mineral components from
slow/controlled release fertilizers in soil might be
easily predicted from the release experiments
performed in water. It was assumed that the release
of phosphates corresponds to the release of all
mineral components of the prepared materials and
therefore only the release of phosphates was
determined.

3. Results and discussion

The starting material, as granules of mineral
fertilizer (sample s0) are of regular, spherical shape
and white colour, with a slightly grey shade (Fig.
1A). They are hard, although subjected to adequate

crushing force they may be easily crumbled to small

pieces and then milled to powder.

\'I;Lt

For the necessity of experiments the fraction
of granules with a diameter of 3-4 mm were selected.
As a result of covering of mineral fertilizer granules
in the laboratory drum granulator with the mixture of
chitosan and the additives the samples of materials
varying in the appearance, surface layer structure and
morphology have been obtained. The pictures of the
material covered with the layer of chitosan (mass
ratio chitosan/fertilizer equal to 8/100) are presented
in Fig. 1B (sample sI). The granules of fertilizer are
not covered completely with the polymer, the surface
structure and colour of the prepared material is not
uniform.

In Fig. 2 the pictures of the materials obtained
as a result of covering the granules of fertilizer with
higher amounts of chitosan (mass ratios of chitosan
to fertilizer 10/100, 12/100 and 14/100) are shown
(samples 52, s3 and s4). Into the solution of chitosan
small amounts of natural wax (with mass ratios of
wax to fertilizer 2/100, 4/100 and 6/100,
respectively), enhancing the hydrophobic properties
of the material, were added. Along with the increase
of chitosan amount, the coverage of granules with the
polymer was growing, followed by the colour
unification. Nevertheless, the surface structure of the
prepared samples is not homogeneous: numerous
cracks, fractures and grooves can be noticed (Fig.
20).

In order to improve the plastic properties of
the material and to avoid the formation of the cracked
surface, the fertilizer was covered with chitosan with
an addition of natural wax and glycerine as a
plasticiser (samples s5, s6, s7 and s8). The mass
ratios of chitosan to fertilizer were as follows: 8/100,
12/100, 18/100 and 24/100, whereas the mass ratios
of glycerine to fertilizer: 2/100, 3/100, 4.5/100,
6/100. The amounts of natural wax were the same as
in the previous experiment.

The pictures of the prepared materials are
shown in Fig. 3. All the samples are characterized by
a dense and compact structure, there are no visible
cracks and fractures on the surface. Along with the
increase of chitosan and glycerine the colour of the
samples changes from light brown to dark brown.
Increasing the amount of glycerine in the samples
makes their surface look glassy-like. As a
modification of the covering chitosan solutions,
sodium tripolyphoshate (TPP) was additionally used.

Fig. 1. A - granules of the starting material - commercial, multicomponent fertilizer (s0), B - granules of the fertilizer covered
with the layer of chitosan - mass ratio chitosan/fertilizer 8/100 (s1)
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Fig. 2. Granules of the fertilizer covered with the mixture of chitosan and natural wax with various mass ratios of chitosan to
fertilizer: A - 10/100 (s2), B - 12/100 (s3) and C - 14/100 (s4)

A.Bs .C!D r ;

Fig. 3. Granules of the fertilizer covered with the mixture of chitosan, natural wax and glycerine with various mass ratios of
chitosan to fertilizer: A - 8/100 (s5), B - 12/100 (s6), C - 18/100 (s7) and D - 24/100 (s8)

Preparation of the samples was a three-step
process. In the first step granules of fertilizer were
covered with the solution of chitosan (mass ratio
chitosan/fertilizer 30/100) containing small amounts
of glycerine (mass ratio glycerine/fertilizer 6/100). In
the second step the material was covered with the
solution of TPP (mass ratio TPP/fertilizer 15/100).

The pictures of so prepared material are
shown in Fig. 4A (sample s9). In the final step the
granules were again covered with the same solution
of chitosan and glycerine. The pictures of the
material obtained in this way are presented in Fig. 4B
(sample 510).

During the covering the colour of the granules
was changing from brown (like in Fig. 3B) to white-
grey with black spots shining through the outer layer
(Fig. 4A), and to light brown with irregular brown
spots at the end (Fig. 4B).

On the cross-sections of the granules various
parts of the covering layer may be identified. The
inner, deepest part of the layer, covering the core of
the granule, is dark and was formed by the spraying
with the mixture of chitosan, wax and glycerine.

The middle part of the layer is lighter and it
was formed by the spraying with TPP solution. The
very outer part of the layer is the effect of the
repeated spraying with the mixture of chitosan. In
comparison with the starting material the prepared
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samples were harder, though the slightly elastic
properties of the formed layer decreased the fragility
of the granules and they were very difficult to
crumble.

For all the samples prepared in the
experiment, the measurements of the formed layer
thickness have been carried out with the use of
optical microscopy. The exemplary pictures of the
prepared materials are presented in Fig. 5.

The structure of the formed layers is not
homogeneous and their thicknesses vary in a broad
spectrum. The picture shown in Fig. SD proves that
the layer of the material obtained as a result of
covering the fertilizer with the mixture of chitosan,
wax and glycerine, then with the TPP solution, and
again with the mixture of chitosan with the additives,
has a coat consisting of three sublayers.

To evaluate properly the layer thickness of the
prepared materials, six measurements have been
carried out. The results of measurements and the
statistical calculations are collected in Table 1. It can
be seen that the layer thickness of the prepared
samples grows along with the amounts of the
covering polymer used. In order to check whether
there are any interactions between the components of
the fertilizer and the polymer material used to cover
the granules, x-ray diffraction analysis have been
performed.
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Fig. 4. Granules of the fertilizer covered with the mixture of chitosan, natural wax, glycerine and sodium tripolyphoshate after
two steps (A) and after the third step (B) of the process

Table 1. Results of the layer thickness measurements

mean value, um standard dey. standard error t-value sig. level
sl 71.17 26.09 10.65 6.68 0.001136
s2 77.33 35.07 14.32 5.40 0.002939
s3 159.17 12.98 5.30 30.03 0.000001
s4 271.00 7.69 3.14 86.28 0.000000
s5 47.00 11.38 4.65 10.11 0.000162
s6 188.67 22.83 9.32 20.25 0.000005
s7 256.17 67.23 27.45 9.33 0.000238
s8 265.83 23.80 9.72 27.36 0.000001
s9 319.83 65.89 26.90 11.89 0.000074
s10 542.50 55.99 22.86 23.73 0.000002

I
! i
‘

D

Fig. 5. Exemplary optical microscopy images of the prepared materials with the measured layer thickness:
A-s1,B-s6,C-s8 D-sl0

The XRD spectra of the analyzed samples (s/,
s4, 8, s9, s10) are shown in Fig. 6 and compared
with the spectrum of the starting material (s0). All
the spectra are very much alike, there are no essential
differences in the position and intensity of the peaks
between the spectra of prepared materials and the
starting fertilizer.

All the recorded peaks may be assigned to the
components of the fertilizer. Taking into account the
fact that there are not any new peaks in the spectra of
the prepared materials, it may be stated that no new
phases are formed during the covering process. It

may be concluded that the interactions between the
fertilizer components and mixtures of chitosan and
the additives are of physical but not chemical nature.
The prepared materials were submitted to
water release experiments and the results of these
tests are shown in Fig. 7. Amounts of released
phosphates were determined as a function of time, at
constant temperature of 25°C. The release of
phosphates from commercial fertilizer (s0) was very
fast and all phosphates were released within 50
minutes. All prepared materials reveal smaller release
degree of phosphates in comparison with the starting
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fertilizer. In the case of the material obtained as a
result of covering the fertilizer with a solution of
chitosan (s/), the release degree of phosphates was
0.965 after five hours. The materials obtained by
covering of fertilizers with various amounts of
chitosan with addition of small amounts of natural
wax (s2, s3, s4) were found to have very similar
release degrees after five hours: 0.96, 0.95 and 0.94,
respectively. For the sake of simplicity, only the best
of them was shown in Fig. 7.

The release degree of phosphates from
materials covered with the mixture of chitosan,
natural wax and glycerine (s35, s6, s7, s8), after five
hours, were as follows: 0.90, 0.84, 0.82, 0.77,
respectively. The best release degrees were achieved
in the case of materials obtained as a result of two-
stage and three-stage covering with the mixture of
chitosan, wax, glycerine, and then with TPP solution
(s9), and after that again with the mixture of chitosan,
wax and glycerine (s/0): 0.71 and 0.64, respectively.
The standard (European Standard EN 13266, 2001)
requires slow release fertilizers to liberate not more
than 15% of mineral components within 24 hours.
From this point of view, the prepared materials
exhibited too high dissolution rate in H,O and did not
meet the standard requirements for slow release
fertilizers.

The results of the layer thickness and
phosphates release measurements were correlated
and shown in Fig. 8. It may be concluded that the
decrease of the phosphate release degrees from the
obtained materials takes place with the grow of their
layer thicknesses. A diffusion mechanism of the
release might be pointed out as a reason of that
correlation.

Along with the grow of the layer thickness,
the value of diffusion coefficients decreases and the
release process is more and more hindered. A slight
difference between the materials covered with
chitosan (s/), chitosan and wax (s2, s3, s4) and the
rest of the samples should be noticed here. The
samples obtained by covering with the mixture of
chitosan, wax and glycerine (s3, 56, s7, s8), despite
of the comparable layer thicknesses, reveal smaller
release degrees. Probably the surface of the material
may be better "sealed" when glycerine is applied in
contrast to the materials covered only with chitosan
and wax, where the surface is cracked and fractured.

Fig. 6. XRD spectra of the prepared samples compared with
the spectrum of the starting fertilizer
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The experimental data related to release
degree of mineral components from the starting
fertilizer and from all prepared materials were
described and interpreted with three Kkinetic
equations: power, exponential and sigmoidal (Egs. 1-
3):

v =k, t" (1)
M,

=1-exp(—k,-t 2
M, exp(—ke-t) @)
M, a-b

=——F———+b 3
M ©)

® I+exp(t_dj
c

where M/M,, is the fraction of nutrients released at
time ¢, k, and n are the power equation constants, k. is
the exponential equation constant, and a, b, ¢, d are
the sigmoidal equation constants.

Two of the presented equations, namely
power and exponential equations, have been already
used in the prediction of the controlled release of
drugs (Schwartz et al., 1968; Sinclair and Peppas,
1984) and mineral components of fertilizers (Al-
Zachrani, 2000). The sigmoidal model has also
proved its usefulness in the description of the
controlled release (Jarrell et al., 1979; Jarrell and
Boersma, 1979, 1980; Shaviv et al., 2003a, 2003b),
although the sigmoidal equation applied in the
present work differs from the equations that can be
met in the literature.

The comparison between the experimental
data of the phosphates release from the starting
fertilizer and the predicted values calculated by the
exponential and sigmoidal equations are presented in
Fig. 9. Both models satisfactorily fit the experimental
data. The power equation did not prove its usability
in the description of these data. The comparison
between the experimental data of the phosphates
release from all prepared materials and the predicted
values calculated by the exponential, sigmoidal and
power equations are shown in Fig. 10.Based on the
applied kinetic models, the constants and correlation
coefficients of the equations were determined and
they are placed in Table 2, along with the data related
to the final release of phosphates from the prepared
materials (My/M.,,).

phosphates release

time, h

Fig. 7. The release of phosphates from the prepared materials

compared with the starting fertilizer
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calculated by Egs. 2 and 3

Table 2. Constants of the empirical, kinetic equations after fitting to release data

sigmoidal exponential power
No M/M., a b c d r k, r k, r
s0 1 -6.270 1.009 0.434 0.235 0.9813 3.9218 0.9826 - -
sl 0.965 -0.399 0.949 0.663 0.774 0.9997 0.6207 0.9878 0.4742 0.8779
s4 0.94 -0.352 0.977 0.753 0.749 0.9995 0.6086 0.9853 0.5033 0.8740
s5 0.90 -0.295 0.902 0.839 0.754 0.9997 0.5661 0.9847 0.5317 0.8843
s6 0.84 -0.409 0.845 0.635 0.873 0.9996 0.5525 0.9905 0.5323 0.9048
s7 0.82 -0.339 0.848 0.937 1.033 0.9998 0.3890 0.9907 0.6400 0.9417
s8 0.77 -0.381 0.829 1.013 1.313 0.9997 0.2752 0.9945 0.7260 0.9702
s9 0.71 -0.405 0.763 0.842 1.346 0.9998 0.2950 0.9955 0.7034 0.9701
s10 0.64 -0.273 0.697 1.250 1.333 0.9997 0.2265 0.9942 0.7787 0.9752

\\\\
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Fig. 10. Comparison between the experimental data of the
phosphates release for the prepared materials and the
predicted values calculated by Egs. 1-3

In the case of the sigmoidal equation the
fitting of the model lines to the experimental data,
expressed with the correlation coefficients, reaches
very high values and is significantly better in
comparison with the power and exponential models.
Keeping in mind the fact that the nutrients uptake by
plants is of sigmoidal character (Shaviv and
Mikkelsen, 1993) and that the sigmoidal model has
been already applied to the description of the
controlled release (Jarrell et al., 1979; Jarrell and
Boersma, 1979, 1980; Shaviv et al., 2003a, 2003b), it
may be concluded that the sigmoidal equation used in
the present work in the best way predicts the release
of phosphates from the prepared materials.

4. Conclusions

Materials with controlled release properties
can be obtained as a result of covering the
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multicomponent, granular fertilizer with the solutions
of biodegradable chitosan and the additives,
performed in a drum granulator, with the use of a
spraying method.

Depending on the amount of used chitosan
and the kind of additive, the obtained materials
differed from each other with respect of colour, layer
thickness and homogeneity.

The layer thickness of the obtained materials
was in the range of 0.047 — 0.5425 mm. The release
degree of phosphates was in the range of 0.64-0.965
within five hours and it was smaller in comparison
with the starting fertilizer. The decrease of the release
degrees from the obtained materials proceeded with
the grow of their layer thicknesses.

A diffusion mechanism of the release was
pointed out as a reason for that correlation. The best
correlation between the experimental data of
phosphates release and the predicted values was
achieved in the case of the sigmoidal model equation.
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