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Low phosphorus use efficiency (PUE) is one of the major reasons of poor production worldwide. Among the various approaches
used to enhance PUE, polymer coated fertilizers are relatively a new concept. Its main advantages are that they dissolve slowly and
release nutrients to plants gradually during the growing season. Keeping this in view, a study was performed in the laboratory to
evaluate polymers coated monoammonium phosphate (MAP) to enhance PUE. Commercial MAP and MAP coated with
biodegradable polymers with Krafit black liquor (BL) and cellulose acetate (CA) in the concentration (0.5, 1.0, 2.0 wt % coating). The
effectiveness of these coatings was assessed by the electrical conductivity (EC) and phosphorus release (PR) in a kinetic experiment.
The kinetic study was carried out in a controlled environment (z 25 °C), following the release pattern of P from 1.5 g of fertilizer in
50 mL of H,0, with and without the coatings. The objective of this work was to study different lignin-based coatings and the
phosphorus release behavior of the resulting fertilizer. EC showed to be an effective method of indirect analysis of P releasing from
coated MAP. The BL coating presented better results than the CA in terms of controlling the release of P, and the higher the coating
ratio (1.0 and 2.0 %) the slower the release of P.

Slow releasing, P-fertilizer, cellulose acetate, kraft black liquor.
PUE_ phosphorus use efficiency; MAP_ monoammonium phosphate; BL_ Kraft black liquor; CA_ cellulose acetate;
EC_ electrical conductivity; PR_ phosphorus release; H,0_Water; h_ time; Fe_ iron; Al_ aluminum; P_ phosphorus; CRF_ controlled-
release fertilizers; SRF_ slow-release fertilizers; EEF_ enhanced efficiency fertilizers; C_ carbon; H_ hydrogen; N_ nitrogen; S_ sulfur;
Na_ sodium; K_ potassium.

The need for more productive agricultural systems has profitability of P fertilization, especially in areas with high P
required technological innovations that increase the fixing soils and potentially leachable sandy soils.

efficiency of used inputs (Chien et al.,, 2009). The Among these technologies, fertilizer coatings have been
management of phosphate fertilizers is a key factor in crop showing a good potential of increasing P efficiency especially
production, which is especially the case in highly weathered by synchronizing plants demands and nutrient release from
tropical soil. Tropical soils have high levels of Fe-Al oxides fertilizers (Gonzélez et al., 2015), avoiding losses. Coating
clay and generally are very poor in P, causing lower technologies are given different names in the literature such
efficiencies of P application (Roy et al., 2016). In these soils, as controlled-release fertilizers (CRF), which consists of
the recovery of P from fertilizers by annual crops vary from 5 coating highly soluble granules with water-insoluble
to 25 % in the year of application (Nyborg et al., 1995), but it material. The slow-release fertilizers (SRF) are compounds
can be as low as 0.61 % in carrots (Santos et al., 2016). Most that have low solubility in water by their own constitution.
of it is because more than 90 % of the applied P can be The enhanced efficiency fertilizers (EEF) are a combination
adsorbed in the first hour of contact with the soil (Novais et of the so-called slow-release and controlled-release
al., 2007). Thus, a proper management of P fertilization is materials and are also referred as environmentally friendly
important to guarantee not only food production, but also to fertilizers (EFF) (Chalk et al., 2015; Gonzalez et al., 2015;
avoid environmental issues and to use wisely P, a rather Timilsena et al., 2015; Chen et al., 2018).

scarce nutrient in the world (Ceulemans et al., 2011). The coatings are synthetic or natural organic compounds.
In that sense, it is well-known that a proper fertilization The synthetic coatings are mostly petroleum derivatives,
management is all about timing, placement, rate and source more expensive and with unknown degradability in soil
(4R Nutrient Stewardship). Among these, there is a fairly (Calabi-Floody et al., 2018). On the other hand, natural
good understanding and management on timing, placement organic coatings are biodegradable and totally release the
and rate of P fertilizers application. However, in terms of encapsulated nutrients (Schneider et al., 2016). Also, natural
sources, there is a lack of innovation and the need for new organic coatings can be cheaper, especially the organic
and more efficient products, which may improve the polymers that are residues or by-products. Black liquor is an
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example of this type of material, which is rich in lignin,
resulting from the manufacturing process of cellulose kraft
pulp. Lignin is a copolymer of three different phenylpropane
monomer units: sinapyl alcohol, coniferyl alcohol and p-
coumaryl alcohol (Pandey and Kim, 2011).

Many natural polymeric materials have been mentioned in
the literature as potential fertilizer coatings, including
organic polymers such as Kraft pine lignin (Garcia et al.,
1996), cellulose acetate (Jarosiewicz and Tomaszewska,
2003), and sodium alginate (Liang et al., 2007). Lignin has
also been investigated as a potential coating for nitrogen
fertilizers (Mulder et al., 2011, Gonzdlez et al.,, 2015,
Siponnen et al., 2016). On the other hand, little is known
about the use of eucalypt black liquor from cellulose
production in order to produce controlled release P
fertilizers. The production of cellulose from eucalypt is a
blooming industry in Brazil. Thus, the use of its main residue
(black liquor) is important to reduce environmental impacts
of waste disposal and to generate added-value products.
The objective of this work was to develop an economically
feasible and biodegradable layer as coating material for MAP
fertilizer. For this purpose, from BL and CA of pulp and paper
industries was selected as raw material, for the production
of coatings to control P release from MAP.

The releases of P over time were adjusted as sigmoidal
model. CA-coated MAP granules rapidly released P over time
(Figure 4A) compared to the BL-coated MAP (Figure 4B). As
expected, uncoated MAP had the highest release rate of P
over time (Figure 4).

The results of the coefficients of the logistic equation
regarding the release of P were presented in Table 1. The
maximum release was 89.5 % ("a" coefficient), which
represents the saturation point and it is related to the
maximum release of P (granule dissolution in aqueous
medium). Thus, the maximum release of P at 98 hours
followed the order: MAP > MAP-BL 1.0 % > MAP-CA 2.0 % >
MAP-BL 2.0 % > MAP-BL 0.5 % > MAP-CA 0.5 % > MAP-CA
1.0 %.

The "b" and "c" coefficients are related to the distribution of
the data in the logistic equation and their results are used to
calculate half of the release of P over 98 hours. The values of
t% reflect the time each treatment took to release half of the
P concentration and, therefore the higher its value, the slow
release it is.

Black liquor coated MAP (MAP-BL) treatments released P
slower than the other treatments. Although MAP-CA
treatments had lower coefficient "a" (maximum release
rate) compare to uncoated MAP, their "b, ¢ and t%”
coefficients were similar, showing similar release rate of P
(Table 1).

The EC and released P showed a positive correlation (r =
0.927 and p-value = 0.001) (Figure 5). This indicates that EC
can be used for futures works to estimate the release of P
from MAP, in a simpler and faster way.

Treatments with BL had a better control on the release of P.
Regarding the total amount release of P in the solution, the
treatment in which the MAP was coated with 1.0 % of CA
released less P when compared to the others. It is
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noteworthy that the treatments with 2.0 % and 0.5 %
coating presented higher release values when compared to
1.0 %, which may be related to the porosity and capillarity of
the materials after the coating process, this is due to the
better uniformity of the coating of the granules (Figure 2).
The 0.5 % coating was not sufficient to inhibit nutrient
release through the pores, whereas the 2.0 % treatment can
form such a thick layer with small pores, that it acts as a
capillary and contribute to the dislocation of P to exterior of
the granule. For Han et al. (2009) coatings with films with
lower water absorption were more effective in controlling
the release of nutrients.

More specifically, 1.0 % and 2.0 % MAP-BL treatments took
the longest to release half of the P concentration, indicating
a greater control over the release when compared to the
treatments with CA coating. Probably, BL increased the
hydrophobicity and decreased the water sensitivity of the
coating. Therefore, the water uptake and as a result the
release of P decreased. Besides the hydrophobicity, the
quality of the coating also has a great influence on the
release of P.

Controlled release fertilizers are important among the
technologies used to ensure the balance between the
nutritional demands of the plant. Several materials can be
used as coatings, which can be synthetic or organic origin.
According to Shaviv (2005), non-biodegradable synthetic
coating materials (polyolefin, polyurethane resins, and alkyd
resins) contribute to environmental problems. Its use may
lead to an undesirable accumulation of plastic waste up to
50 kg ha' year’l, once its degradation can take up to 10
years (Trenkel 2010).

It is noteworthy the importance of using materials of organic
origin, such as C and BL of the pulp and paper industry, due
to being biodegradable and in the case of BL, it represents
an industry residue that can return to the market as a co
value-added product. Teixeira et al. (2016) observed that
coated MAP granules from organic coating provided a
gradual release of P over time, and thus increased the
availability of P to plants, resulting in higher efficiency of P
use in maize plants.

The application of controlled release technology in fertilizers
is based on the gradual release of nutrients to meet the
plant demand and reduce the loss in the environment.
However, the research needs to move forward to allow an
understanding of the release pattern associated with this
technology in order to properly regulate these products and
provide information to the consumer.

The laboratory analyzes present as an advantage the
precision during decision-making. On the other hand, it
presents as a disadvantage its high cost, the waiting time to
obtain results, besides presenting an environmental impact
related to the use of chemical reagents and the water
footprint necessary for the analysis and washing of
glassworks. Reducing chemical analyzes or replacing them
with indirect measures, may reduce waiting time, reduce
cost and reduce associated environmental impact. Our study
showed that EC can be used as an indirect measure of
release of P, since the saline content in solution resulting
from the dissolution of the fertilizer can be determined by
direct reading in the apparatus. Messa et al. (2016)
evaluated EC as a parameter of fertilizer release throughout
time and verified a correlation between the EC and the
concentration of K released in the soil. The EC is an effective
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Fig 1. X-ray diffractograms and spectrum in the infrared region in the range of 4000 to 500 (FTIR/ATR) Cellulose Acetate (a, c) and
Kraft Black Liquor (b, d).

Table 1. Coefficients of the logistic equation, determination, and time necessary to reach half of the cumulative maximum release
in a period of 98 hours for the different coatings and the uncoated MAP.

Release (%)

Sources 3 b c R? 7% (h)
MAP 89.48 -3.68 0.28 0.99 13.20
T-1 81.16 -4.89 0.34 0.99 14.35
T-2 74.67 -4.52 0.29 0.98 15.48
T-3 86.63 -2.99 0.13 0.98 23.03
T-4 84.65 -2.49 0.09 0.98 26.46
T-5 88.46 -2.38 0.07 0.97 33.54
T-6 85.86 -2.70 0.07 0.98 35.62

“T-1: MAP coating CA 0.5 %, T-2: MAP coating CA 1.0 %, T-3: MAP coating CA 2.0 %, T-4: MAP coating BL 0.5 %, T-5: MAP coating BL 1.0 %, T-6: MAP coating BL 2.0 %.

Fig 2. Granulator dish accompanied by heating gun and micro spray for fertilizer coating.
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Fig 3. Different types of fertilizers/treatments used in this study. (a) Fertilizer coated with 0.5% Kraft black liquor; b) fertilizer
coated with 1.0% Kraft black liquor; c) fertilizer coated with 2.0% Kraft black liquor; d) fertilizer coated with 0.5% cellulose acetate;

e) fertilizer coated with 1.0% cellulose acetate; f) fertilizer coated with 2.0% cellulose acetate. Micrographs were acquired by a
JEOL, JSM-6010LA with a spatial resolution of 20 um at 2 kV.
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Fig 4. Release kinetics of P at 25 2C in water with conventional MAP (e), MAP-CA 0.5 % (o), MAP-CA 1.0 % (V), MAP-CA 2.0 % (V),
MAP-BL 0.5 % (e), MAP-BL 1.0 % ( V), MAP-BL 2.0 % (V). Lines are fitted models to y = a/1+e .
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Fig 5. Pearson Correlation Analysis (p-value = 0.001) between electrical conductivity attributes (uS cm™) and release P (%), analyzed
over time.
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parameter to follow the release of fertilizers, according to
Souza et al. (2017).

These results reinforce the need for further studies on these
coating technologies related to the constant and gradual P,
considering coating type (Guareschi et al., 2013.); coating
quality and thickness (Rodrigues et al.,, 2013) the
experimental environment, temperature and moisture. Any
changes in these characteristics may reflect in contradictory
or inconsistent results and interpretations.

Map and coating materials

Fertilizer MAP was sieved to obtain granules between 2 and
3 mm and weight between 25 and 30 mg. Eucalypt Kraft
Black Liquor was collected in Cenibra, a company located in
the state of Minas Gerais, Brazil. The BL was oven dried at
105 °C, for 24 h and grounded to <100 pm. Then, the
material was dissolved in water 1:10 (w/v), and afterwards
was sprayed in MAP granules. The BL had the following
elemental composition (g/kg): C —461; H—44.3; N - 1.42; S
—39.1; Na — 158.9; K — 22.4. Cellulose acetate was obtained
from Sigma-Aldrich. In order to prepare the spray solution, 3
g of CA were dissolved in 250 mL of acetone, at room
temperature for 24 h. The coating materials were
characterized by X-ray diffraction and infrared spectroscopy
(IR-ATR) and the results are shown in Figure 1.

Coated map granules

About 100 g of MAP granules were placed into a lab disk
granulator inside of a fume hood. A spraying system
consisting of a peristaltic pump with a micro spray was used
to spray the coating materials solution on the moving
granules in the coating pan. Tests were performed to obtain
MAP granules with 0.5; 1.0 and 2.0 wt % of coating rate for
BL and CA. During the coating process, the disc was heated
using a heat gun set between 100 and 120 2C requiring no
further drying (Figure 2). The coated granules were stored in
an air and moisture free place at room temperature, around
25 °C. Images of the granules after preparation and
micrographs of transactional cuts of the granules are shown
in figure 3.

Nutrient release tests

For the release of P from MAP granules coated with BL and
CA, samples of 1.5 g of fertilizers with 0.5; 1 and 2 wt % of
coating and 50 mL of deionized water were placed in glass
recipients and incubated at 25 2C. An uncoated MAP was
included as control. After 2, 4, 6, 8, 10, 12, 14, 16, 18, 22, 26,
30, 34, 42, 50, 62, 74, and 98 h, 250 uL of solution were
sampled to quantify P by colorimetry (Braga and Defelipo,
1974). The experiment was carried out using a completely

randomized design with four replications. Simultaneously,
another set of samples of 1.5 g of fertilizers were incubated
the same way, with 50 mL of deionized water at 25 2C. At
the same sampling time, EC was measured. Briefly, the EC
probe was placed at nearly 1 cm from the bottom of
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recipient at a short distance from the granules. Afterward,
EC and the release percentage of P were correlated.

Data analysis

The concentration of P in solution was converted to the
percentage of P released from the MAP granules and then
adjusted to the logistic equation [Y = a/1+e™*®] (Castro et
al.,, 2016; Ribeiro et al., 2016). The coefficient "a" is the
saturation of the curve, associated with the maximum
release of P; "b" indicates the displacement of the curve
horizontally and the greater this value, the greater the time
to reach the saturation; and "c" is related to the growth rate
of the function, directly associated with the dissolution of P.
These coefficients make it possible to estimate the time
required to reach half of the release of P (t% = -b/c). Pearson
correlation coefficient for P concentration or release of P d
from MAP and EC was carried out and a linear regression
was fitted to describe their relation them. All statistical
analysis was performed in R environment (R Core Team,
2016).

This work demonstrates that the release of P in water was
reduced with black liquor coated-MAP, especially with 2.0
wt % of coating rate. Cellulose acetate was less efficient than
BL in delay release of P in water.

Electrical conductivity showed to be an effective method of
indirect analysis of release of P from coated MAP.
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