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ibnsgva;;proach for preparing slow-release membranes encapsulated diammonium phosphate
(DAP) fertilizer with waterborne polymers is presented. Latex dispersions based on butyl
methacrylate (BMA) and 2-(perfluorohexyl)ethyl acrylate (PFA) were produced by emulsion
(co)polymerization using starch nanocrystals (SNC) as a pickering stabilizer. A conversion
degree exceeding 98% was reached, while the solid content was close to 20 wt %. The particle
diameter distribution of PBMA homopolymer and P(BMA-co-PFA) copolymer dispersions as
well as the contact angle measurements and thermal properties were investigated and showed
that the incorporation of PFA units in PBMA improves the thermal stability and the
hydrophobic character of the copolymer. The use of these (co)polymers as fertilizer coatings
was explored. The morphological characterization of the coated fertilizer, performed by
Scanning Electronic Microscopy (SEM), Electronic Diffraction X-ray (EDX) and mapping,
revealed the formation of a cohesive film with a good adhesion between DAP fertilizer and
coating films. The evaluation of the release of nutrients (N, P) in water was monitored by UV-
Vis spectroscopy. Compared to uncoated DAP granules which are totally solubilized after less
than 2 hours, the P release profiles of the coated fertilizers reached the equilibrium stage after
28 and 50 hours when the DAP was coated with PBMA and P(BMA-co-FPA), respectively.
Indeed, the time to reach the maximum N release concentration was 13.5 and 16.0 times lower
than the corresponding uncoated DAP when the DAP was covered with PBMA and P(BMA-
co-FPA), respectively. These results indicated significant slower nutrients (P and N) release
properties to enhance the efficiency of fertilizer use and minimize adverse environmental

effects, and to match with the nutrient demand during crop growth.
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Introduction
The United Nations projected that the global population is rapidly growing every year and

should be around 9.2 billion by 2050 [1,2], hence requiring a corresponding increase in crop
production and food supply. To meet the food demand of the world population and to tackle
the issues of food security through sustainable agriculture, the use of agricultural inputs such
as inorganic nitrogen, phosphorus and potassium (NPK) fertilizers has been reported to increase
crop productivity by approximately 60%. [3] By 2050, nitrogen and phosphorus fertilizations
are forecasted to increase by 2.7 and 2.4 times than the current amounts, respectively. [4]
However, commonly used commercial uncoated fertilizers are water-soluble quick-release
fertilizers, and are well-known for low efficiency of plant nutrients uptake caused by the high
release of fertilizers rather than the absorption rate by plants, the current levels of N, P and K
only reach 30-35%, 18-20%, and 35-40%, respectively. [5] These macronutrient losses on
farmlands are attributed to various reasons such as runoff, leaching and volatilization. These
factors not only lead to financial losses due to waste of energy related to their productions, but
also induce risks for the environment such as disturbances in soil, increased concentration of
greenhouse gases, and deterioration of the groundwater quality. [6,7]

A promising approach that reduces such pollution problems while also improves fertilizer
utilization efficiency is the use of slow-release fertilizers (SRFs). SRFs are designed to release
nutrients in a slow and delayed manner to match the nutrient demand during crop growth. [7]
Therefore, the SRFs products show a great potential in improving fertilizer use efficiency and
alleviating environmental issues induced by fertilizer management. [8] Generally, SRFs
products prepared by encapsulating fertilizer granules with hydrophobic polymer materials are
one of the most widely used types of SRFs that serve as a diffusion barrier. Besides fertilizer,
water is another important factor that plays an essential role in agriculture. [9] In this context,
the development of SRFs with high water-retention capacities is of great interest for modern
agriculture. Several polymer materials have been proposed for SRFs encapsulation. They are
mainly divided into two categories according to the solvent types used in SRFs production.
Polymers such as polyolefins are usually soluble in organic solvents to obtain polymer solutions
used to encapsulate the surface of fertilizers. [10] This coating process requires costly volatile
organic solvents and may lead to a secondary pollution. [11] Indeed, more and more attention
is paid to waterborne coatings, which have the advantage of nontoxicity, nonflammability, low
price, and good quality in comparison with the traditional organic coatings. [12] In fact,
especially in arid and semiarid regions, many farmlands suffer from water resource shortages and

thus it is essential to use water resources efficiently. Hence, application of superabsorbent polymers



(SAPs) in agriculture has got encouraging results, namely, improved water-holding capacity,
reduced irrigation frequency, and lower death rate of plants because of excellent water absorption
capacity and water-retention properties of SAPs. [ 13] Among these SAPs, poly(acrylates) (PAs)
have been used in the field of agriculture as coatings for SRFs. [14,15] PA coated SRFs
increase wheat and maize crop yields in the North China Plain [16] and India. [17] PAs adopt
waterborne coating technology by using aqueous solution in production. These polymer
materials have good film-forming properties and are relatively cheap. [13] Furthermore, PAs
were obtained by aqueous free radical (co)polymerization of acrylic monomers such as acrylic
acid (AA), acrylamide (AAm), methacrylic acid (MA) initiated by ammonium persulfate and in
the presence of N,N’-methylenebisacrylate (MBA) as a cross-linking agent to obtain networks
with improved water-retention capacity and slow release nutrients. [15, 18] To improve the soil
water retention, increasing attention has been focused on superabsorbent hydrogels, which are
able to absorb and preserve large amounts of aqueous solutions. [19] Among various
superabsorbent hydrogels, semi-interpenetrating polymer networks (Semi-IPN) are gaining
increasing attention as SFR, for which hydrophobic polymers such as poly(vinyl alcohol)
(PVA) or poly(vinylpyrrolidone) (PVP) were mixed to the cross-linked PA to make non-
covalent interactions. [9,15, 20] Indeed, PAs are reported to be biodegradable in the soil at rates
of 0.12-0.24% per six months. [21] Thus, the development of eco-friendly natural-based super
swelling hydrogels has drawn much interest owing to their abundant resources, low production
cost and biodegradability. Hydrogels based on totally/partially renewable polymers are
classified into polysaccharide and carbonaceous-based kinds where “grafting on” radical
polymerization of acrylic monomers occurred. Indeed, nanofillers such as clays (e.g
montmorillonite (MMT) and bentonite (Bent)) have been also added to these PAs latexes to
improve their mechanical properties, to increase holding water and reduce the price. Wen et al.
[9] reported the preparation a Semi-IPN cotton stalks-g-poly(AA)/PVP/Bent for slow nitrogen
fertilizer, 60% of nutriment were released after 30 days, while Olad et al. proposed a strategy
based on the incorporation of MMT into semi-IPN sodium alginates (NaAlg)-g-poly(AA)/PVP
hydrogel. [22] Superabsorbent composites based on chitosan-g-poly(AAn)/MMT were
synthesized through in-situ grafting radical polymerization in presence of MMT at different
contents. The introduced montmorillonite could form a loose and porous surface and improve
water absorption of the superabsorbent. [23] These SAPs were prepared by aqueous radical free
polymerization without any surfactants.

In contrast to the PAs, polymers based on fluorinated acrylates exhibit remarkable properties

such as thermal stability, chemical inertness, and low surface tension. [24] Several acrylate and



methacrylate polymers bearing perfluoroalkyl side chains (i.e. CsF13 and CsF17) show good
hydrophobicity comparable to the corresponding n-alkyl chains because the side chains are
more rigid than n-alkyl chains thus enhancing the water repellent properties. [24,25] Therefore,
homopolymers and copolymers based on fluorinated (meth)acrylates have been used as
coatings. [26-28] Chen et al. [29] reported the synthesis of a novel slow-release coated urea by
coating fertilizer with water-based hydrophobic polymers obtained both 1H,1H,2H,2H-
perfluorooctyltriethoxysilane and nano-SiO> to modify the water-based polymer.

Emulsion polymerization provides a sustainable way to produce latex polymers for coatings
and adhesives thanks to the use of water as a dispersion medium. In fact, waterborne acrylic,
obtained by radical emulsion polymerization of n-butyl acrylate (BA), methyl methacrylate
(MMA) and methacrylic acid (MA), and modified with organic siloxanes were synthesized to
increase the nutrient release duration. [29] Composites based on modified PAs with graphene
oxide (GO) were applied as coatings for controlled-release coated urea, and thus dramatically
slowing down the cumulative nutrient release from the SRF from 87.25% t0 59.71%. [30] These
waterborne PAs were prepared by aqueous radical free polymerization using commercial
synthetic surfactants (i.e. Sodium dodecylbenzene sulfonate, nonyl-phenyl-polyroxyethylene
ether-10), which are harmful to environment. This synthesis approach can be even more
attractive if synthetic surfactant can be replaced by biobased solid particles as a stabilizer,
through the ‘‘Pickering effect”. Pickering emulsion polymerization consists in the use of solid
particle as stabilizer to impart colloidal stability during the generation and growth of polymer
particle throughout the polymerization reaction. Recently, the use of biobased nanoparticules
as Pickering stabilizer have aroused much interest for the evident advantages incoming for their
presence, including biodegradability, safety to use, environmentally friendly, and
biocompataibility. Cellulose nanocrystals (CNC) [31] and starch nanocrystals (SNC) [32] have
been successfully used as stabilizers in Pickering emulsion polymerization of numerous acrylic
and vinylic monomers along with the possibility to produce polymer latex with solid content
exceeding 30%, which is prerequisite if any industrial application is considered.

The objectives of this present work aim at investigating the use of SNC as Pickering stabilizer
by varying its amount in emulsion (co)polymerization of butyl methacrylate (BMA) with a
fluorinated comonomer namely 2-(perfluorohexyl)ethyl acrylate (PFA) without adding any
surfactant or costabilizer. To the best of our knowledge, the synthesis of such fluorinated
acrylate copolymer using SNC as a pickering stabilizer has not been reported in the literature
yet. Both PBMA and P(BMA-co-PFA) waterborne acrylic emulsions, prepared using 8 wt% of

SNC in fertilizer coating, was performed. The morphology and the chemical composition of



the surface and cross-section of coated fertilizers were investigated by SEM-EDX, while the
release profiles of their nutrients (N and P) were carried out using UV-visible spectroscopy.
The structure (introduction of fluorinated acrylate)-release behavior relationship has been
studied to evaluate the performance in terms of increasing the release nutrients duration of these

new latexes acrylic coatings.

2. Experimental section

2.1. Materials

Butyl methacrylate (BMA, 99 wt%) was purchased from Sigma-Aldrich, while 2-
(perfluorohexyl)ethyl acrylate (PFA) was kindly supplied by Atofina (Pierre Bénite, France).
These monomers were distilled, and then stored in a fridge at 5 °C prior to use. Hydrogen
peroxide (H20»), citric acid (CA), and sulfuric acid were purchased from Aldrich and used
without further purification. Waxy maize was kindly provided by Roquette S.A. (Lestrem,
France) while diammonium phosphate (DAP), a granular phosphate fertilizer (46% P20s), is a
gift from OCP Group (El Jadida- Morocco). Distilled water was used for all the polymerization

and treatment processes.

2.2. Starch nanocrystal preparation

Starch nanocrystals (SNC) were prepared by sulfuric acid hydrolysis of waxy maize starch
as described in details in previous works. [33,34] Briefly, 5 g of starch were added to 3.16 M
aqueous sulfuric acid solution and left under stirring at 40 °C in a thermostated bath for 5 days.
Then, the suspension was centrifuged at 10,000 rpm to recover the SNC. The SNC nanoparticles
were centrifuged repeatedly with distilled water until neutrality. A homogeneous dispersion of
starch nanocrystals was obtained by using a T25UltraTurrax homogenizer for 3 min at 13500

rpm at room temperature.

2.3. Emulsion (co)polymerization

The emulsion copolymerization of BMA and PFA in the presence of different weight ratios of
SNC was carried out as follows: calculated weight percentages of SNC (4-10 wt% based on the
amount of monomers) were first dispersed in water by gentle sonication for 1 min at a 70%
amplitude (Sonics Vibracel Model CV33) to ensure the effective disintegration and
individualization of SNC in water. Then, the mixture of monomers and citric acid was added

and emulsified by vortexing for 2 min. After flushing with Na, the kit was placed in a heated



bath at 50 °C and the polymerization was run by adding 0.15 g of H,O> for 1.5 h. The
polymerization was continued for additional 3 h. In all cases, a conversion degree exceeding
98% was reached within a 4.5 h of polymerization, while the solid content percentage was close
to 20 wt %. Once the polymerization was achieved, 0.10 g of 0.1% of NaN3 aqueous solution
was added to prevent from bacterial growth. The resulting copolymers were referred to as
P(BMA-co-PFA) X%, where the feed molar percentages of BMA and PFA were 90 and 10,
respectively, while X corresponds to the content of SNC during the copolymerization.

The poly(butyl methacrylate) homopolymer, PBMA, was also synthesized to be used as a
reference material according to the same experimental protocol. The synthesis route is
displayed in Scheme 1 and the typical formulations for the emulsion homo and

copolymerization of BMA in the presence of SNC are supplied in Table 1.

CH, SNC CHj,
/ Citric Acid/H,0, ‘
nH,C=—= C\ Water, 50 °C, 4.5 h ( H,C—C )
CO,(CH,);CH; | ’
CO,(CH,);CH;3
BMA PBMA
H
CH, H SNC H
Citric Acid/H,0, / ‘ \ / ‘ \
+ —— >
n H2C—C m H2C C Water, 50 °C, 4.5h \‘ \ H2C © / \ H2C N / J
CO,(CHy);CH, COA(CHCeF13 ? ‘
CO,(CHy);CH; CO,(CH,),CeF 3
BMA PFA

P(BMA-co-PFA)

Scheme 1: Radical emulsion homopolymerization of BMA, and copolymerisation of BMA
with PFA initiated by H>O,/Citric acid in deionized water ((BMA]o/ [PFA]Jo= 90/10 in the
feed) (SNC stands for starch nanocrystal as pickering stabilizer emulsion).



Table 1. Emulsion homopolymerization of BMA and copolymerization of BMA with PFA in
presence of SNC as the sole stabilizer, carried out at 50 °C (t=4.5 h, R% =98%)

Constituent Composition (g)

PBMA P(BMA-co-PFA)

Water 20.00 20.00

BMA 4.00 3.60

PFA 0.00 0.40

H>0» 0.15 0.15

CA! 0.15 0.15
SNC 0.32 0.16-0.30%

1'CA : Citric Acid.
2wt % of SNC: 4-10 % based on the amount of monomers.

2.3. Preparation of coating DAP Fertilizers

The commercial granular DAP fertilizers produced by OCP group were sieved to select with
homogeneous granules with diameters of 2-4 mm and similar weight (ranging between 34.00
to 34.90 mg) before used in the laboratory test to prepare coated granules.

The coating was performed following the dip-coating process [36,37], where the DAP fertilizer
was successively immersed in the emulsion solution of both PBMA homopolymer and
P(BMA-co-PFA) copolymer prepared in the presence of 8 wt. % of SNC. The DAP pellets were
then removed from solution and placed on a Teflon ® film surface. They were dried at room
temperature for 1 hour. Figure 1A represents a visual aspect of the coated DAP fertilizer

granules compared to uncoated DAP, which indicates that DAP granules were covered by the

film coating.

(d)

ENOVTE

Figure 1. (A): Images of: uncoated DAP (a), DAP coated with PBMA 8% SNC (b) and DAP
coated with P(BMA-co-PFA) 8 wt % SNC (c). (B): Visual aspect of: PBMA (d) and
P(BMA-co-PFA) (e) dispersions after emulsion (co)polymerization in the presence of 8 wt %
SNC.



2.4. Polymer particle size

The diameter of the polymer particles in the emulsion was measured at 25 °C using a
Malvern Nano ZS Zetasizer instrument at a fixed scattering angle of 173°. The dispersion was
diluted to about 5 wt% with distilled water before starting the measurements. The particle size
was expressed as a Z-average corresponding to the diameter of an equivalent hard sphere having
the same diffusion coefficient as that of the particle being measured. Each measurement was

performed in triplicate and the values were averaged to obtain the mean particle diameter.

2.5. -Potential measurement
The (-potential was measured at 25 °C using a laser Doppler electrophoresis apparatus
(Malvern Nano-Zetasizer ZS, UK). The sample consistency in water was set to 0.01% (w/v).

The measurements were repeated three times for each sample.

2.6. Field-emission scanning electron microscopy (FE-SEM)

Small amounts of freeze-dried latex powder were deposited on silicon wafers and coated with
a 2-3 nm-thick carbon layer by ion sputtering. Images were recorded using an in-lens secondary
electron detector in ZEISS Ultra 55 and Gemini SEM 500 microscopes equipped with field-
emission (FE) guns and operated at a 2-5 kV acceleration voltage.

For analysis of the surface and the cross section of the coated fertilizers, the granules were cut
in half with a razor blade and fixed on a support. The samples were dispersed on a carbon ribbon
attached to the surface of a metal disc with double-sided adhesive tape. Indeed, elemental
mapping showing the spatial distribution of elements in the analyzed surface was also examined
by FE-SEM. For thickness measurements of coating layers, the drawing rule option of SEM

was used, and the measurements of different areas on each granule were performed.

2.7. Thermogravimetric analysis (TGA)
TGA was carried out under air flow using a thermogravimetric analyzer (TGA 400 Perkin

Elmer), with a heating cycle from 40 °C to 700 °C at a rate of 10 °C /min.

2.8. Differential scanning calorimetry (DSC)
DSC measurements were performed using a Perkin-Elmer Pyris Diamond DSC under nitrogen
flow from -50 °C to 150 °C, with a heating rate of 10 °C.min"!. The T, adopted corresponds to

the inflection point in the heat-capacity jump.



2.9. Water contact angle measurements (WCAs)

WCAs were carried out at room temperature using a OCA Neurtek contact angle instrument.
The system was equipped with a video camera and image analyzer. Measurements were
performed in triplicate by deposition of 5 /L. deionized water droplets on the surface of each
sample at different spots using a micro-syringe. An average of three measurements was

supplied.

2.10. Release Essays of Nitrogen and Phosphorus in Water

Uncoated and coated DAP granules (100 mg) were immersed in 250 ml beakers of distilled
water by continuous and slight stirring at 25 °C. Three samples of 1 pl were collected at
different time intervals, diluted 100 times and analyzed in the spectrophotometer. The release
profiles of nitrogen (N) and phosphorus (P) in distilled water were determined by colorimetric
methods, using Indophenol reagent and Ammonium-molybdate/ascorbic acid methods
(AFNOR-T90-015) and (AFNOR-T90-023), respectively. [38] The forming blue complexes
were analyzed at wavelength of 880 and 630 nm for P and N, respectively, using ultraviolet—

visible spectrophotometer (UV-2600, Shimadzu).

2.11. Mathematical modeling

To gain insight in understanding the nutrients release characteristics of the coated DAP, the
semi-empirical Ritger-Peppas model was used to calculate the kinetic parameters according to
equation 1 [39]:

My

J— n
M, kt Eq.1

where M; and M., represent the amounts of nutriment released at t and equilibrium times,
respectively, k is the diffusion constant, which depends on the type of coating material, while
n is a diffusional exponent characterizing the release mechanism. [40]

Diffusion coefficient (D) was calculated from Equation 2:

Mt Dt 0.5
w0

l?

where / is the thickness of the composite film.

3. Results and discussion



3.1 Preparation of polymer latexes

Butyl methacrylate (BMA) was chosen as the monomer because of its low water solubility
(32 mmol L' at 70 °C [41]) and high propagation rate constant (1243 dm® mol''s™! at 70 °C
[42]). The evolution of the main colloidal parameters in the seeded starved-feed semi-
continuous emulsion polymerization of BMA was investigated using two surfactants, the
anionic SDS and the nonionic Brij 58P. [43] In order to obtain a low level of surface energy,
the surface of fluorinated acrylic (co)polymer should be covered by as many fluorine-
containing groups as possible. That is why 2-(perfluorohexyl)ethyl acrylate (PFA) has been
chosen as a comonomer of BMA. Indeed, the cost is also reduced because less fluorine-
containing monomer (PFA) was used. Therefore, the emulsion polymerization was carried out
from an initial BMA/PFA molar ratio equal to 90/10. The resulting copolymer was referred to
as P(BMA-co-PFA).

The reactivity ratios were used to deduce the behavior of both comonomers in the
copolymerization reaction. The expected monomer reactivity ratios, ri=rgma and r>=tpra of
BMA and PFA, respectively, may be calculated from their empirical Alfrey-Price Q and e
parameters [44] as described in the Electronic Supporting Information (ESI). Equations S2 and
S3 lead to the following values: ri1=rswa =1.42 and r2=rrea 0.70 at 50 °C. The reactivity ratio of
BMA was higher than that of FPA, which indicates that the copolymer contains more BMA
than PFA comonomer compared to those in the feed. Indeed, r1 >1 and r; <I implies that the
rate constants k£ can be compared as follows: ki;>ki2; k22<kz; showing that one of both
comonomers (BMA) is more reactive than the other one toward both macroradicals. In
addition, r1 x 12 product worths 0.99 that is close to unity, indicating that there is a random
distribution of both comonomers along the copolymer chain, thus explaining its statistical
structure.

The molar composition of both comonomers in P(BMA-co-PFA) copolymer can be assessed
using the composition equation S4. As the molar ratio of BMA (f;) and PFA (f2) in the feed is
0.9/0.1, the calculated molar percentage of incorporated BMA in P(BMA-co-PFA) copolymer
(F1) was close to 93% (F>=7% of PFA). It means that BMA incorporates faster than the PFA
monomer does into the growing copolymer chain which is in good agreement with the reactivity
ratio (r1 =rsma>1). The molar incorporation ratio of PFA monomer in purified P(BMA-co-PFA)
copolymer, assessed by elemental analysis (%0O= 20%) according to equation S5, is close to
6.5%, and matches that calculated from the reactivity ratio.

In the emulsion polymerization, the residual synthetic emulsifier in latexes would have adverse

effects on the properties of the products and can even induce some environmental pollution. In
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order to avoid the disadvantages resulting from emulsifier, biobased modified SNC as pickering
emulsion surfactant is used in this study. Compared to the surfactant-stabilized emulsions where
the stabilization is driven by the reduction in the interfacial tension, in pickering emulsion, the
stabilization is due to the reduction of the bare oil-water interface through the adsorption of
solid particles, which creates a physical barrier against the coalescence of the dispersed phase
and blocks the Ostwald ripening process. [44, 45]

SNC were produced following the well-known sulfuric acid hydrolysis route during several

days. Figure 2 displays the particle diameter distribution, the C-potential, and the TEM images
of SNC.

60 { sSNC B SNC
165 nm ] ¢=-31mV

©

40 - 3
2
0
S

20 =

100 1000 -40 -20 0 20 40
Particle size (nm)

Figure 2. (A) Particle diameter distribution, (B) C-potential, and (C) TEM images of SNC (bare
scale : 50 nm).

The dynamic light scattering (DLS) measurement on a sonicated diluted suspension of SNCs
(Figure 2A) gave a monomodal size distribution centered at around 165 nm with a

polydispersity index (PDI) close to 0.11 indicating a narrow size distribution. The C-potential

11



of the particles (Figure 2B) was around -31 mV and remained negative over the whole pH
range from 2 to 12, which results from the presence of the sulfate groups (-OSO5") at the surface
of SNC resulting from the esterification reaction during sulfuric acid hydrolysis. [44] TEM
observation (Figure 2C) revealed a platelet like shape with a polygonal form and a size ranging
between 40 and 140 nm.

The emulsion polymerization was performed in batch by mixing the monomers with SNC
suspension without any surfactant and progressive addition of the initiator over 1.5 h at 50 °C.
The selection of this relatively low polymerization temperature was considered to avoid any
risk of dissolution of starch crystallites. This low temperature also justifies the necessity to use
citric acid as catalyst to accelerate the decomposition of H>O> via a redox process [46] and
provides enough hydroxyl radical during the whole emulsion polymerization. During the first
hour, the monomer remained in the form of a coarse visible droplet and the medium turned hazy
and then milky, giving rise a milky fluid dispersion without any significant evolution in
viscosity at the end of the polymerization. However, the colloidal stability of the latex
dispersion was dependent on the used SNC amount. A stable coagulum-free latex dispersion
was obtained only if the SNC is higher than 4 wt. %, and as long as the amount of SNC exceeded
6 wt.%, the latex dispersion was stable for several months at room temperature, without any
sign of decantation or aggregation of polymer particles. Figure 1B displays the visual aspect of
PBMA and P(BMA-co-PFA) dispersions after emulsion (co)polymerization in the presence of
8 wt. % SNC.

Figure 3 displays the particle size distribution of (co)polymers latex dispersions at different
SNC contents, and the corresponding contact angles of the obtained films, while Table 2

summarizes the obtained data of P(BMA-co-FPA) copolymers versus the SCN amounts.

Table 2. Particle size distribution and water contact angle measurements (WCA) of
P(BMA-co-FPA) copolymer latex dispersions prepared by emulsion copolymerization at
different SNC contents at 50 °C (t=4.5 h, conversion =98%, solid content = 20%)

wt.% SNC Particule size WCA (°)
(nm)
4 342 73
6 255 75
8 220 80
10 190 89
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Figure 3. (A) Particle size distribution of P(BMA-co-PFA) latex dispersions prepared via
pickering emulsion polymerisation at different SNC weight per, and (B) water contact angles
versus times of the film from the latex dispersion.

Figure 3A shows a monomodal distribution in particle size for all P(BMA-co-PFA) copolymer
latexes with mean particle size ranging from 200 to 500 nm, depending on the SNC content. A
clear tendency to a decrease in the particle size is observed as the added SNC amount is going
up.

At 4 wt. % SNC, the particle size of the polymer dispersion was around 350 nm and decreased
to about 190 nm when the polymerization was operated in presence of 10% SNC. This close
dependence of the particle size on the amount of added SNC demonstrates the key role of SNC
in the stabilization process and evidences the strong SNC efficiency as a pickering stabilizer in
emulsion polymerization of acrylic monomers. [35] This result is in agreement with our
previous work and confirms that the stabilization aptitude of SNC is operative also in emulsion
copolymerization, where two comonomers of different structure and hydrophobicity have been
involved. [47] Similar results were reported for PBMA where the particle size of the latex
dispersion reached about 600 nm for 4 wt.% SCN content and decreased to ca. 280 nm when
the SNC amount increased to 10 wt.% [44]

The effect of PFA addition on the hydrophobic property of the film obtained by
casting the latex solutions onto a glass substitute was assessed by measuring the water contact
angle (Figure 3B). Result indicated that the contact angle of the P(BMA-co-PFA) copolymer
film containing 6.5 wt. % of PFA in the copolymer changes according to the content SNC in
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the dispersion. The water contact angle for PBMA film was around 74° and those of
P(BMA-co-PFA) reached the values of 73°, 75°, 80° and 89° for SNC content of 4, 6, 8 and
10 wt. %, respectively. This means that the hydrophobic character of the film increased with
the SNC content during the emulsion polymerization. One possible reason accounting for this
unusual behavior would be the preferential accumulation of the fluorinated monomer at SNC
surface which leads to a generation of a gradient composition in the structure of the copolymer.
In fact, for polymeric materials, the surface energy value is determined mainly by the chemical
structure at the surface: it has been established that the surface energy of the constituent groups
decreases by the following order: CH, (36 mN m™')> CH3 (30 mN m™)> CF, (23 mN m™!)> CF3
(15 mN m™"). [48] Therefore, the fluorinated polymers such as P(BMA-co-PFA) possessing the
flexible linear zig-zag-shaped skeletons in the side chain exhibits lower surface energy values
and therefore an improvement of its hydrophobic character compared to that of the non-
fluorinated polymers such as PBMA. [24,25]

The morphology of the polymer dispersion observed by FE-SEM (Figure 4) revealed
polymer particles with spherical shape and size ranging from 100 nm to about 1 pm, which is

in agreement with DLS measurements. From FE-SEM observation, it was not possible to

distinguish the SNC on the surface of polymer particles.

Figure 4. FE-SEM images of freeze-dried P(BMA-co-PFA) latex dispersion, at different
magnification, prepared in the presence of 8 wt% SNC.

The thermal properties of the PBMA and P(BMA-co-PFA) copolymer were studied by DSC
and TGA (Figure 5).
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Figure 5. DSC and TGA thermograms of PBMA and P(BMA-co-PFA) (at two SNC contents)
films from latexes produced by emulsion (co)polymerization in presence of SNC as stabilizer.

The glass transition temperatures (Tgs) of PBMA and P(BMA-co-PFA) prepared in presence
of 8 wt. % SNC were ca. 33 and 24 °C, respectively (Figure 5). Moreover, no melting point
was observed which confirms the amorphous structure of these (co)polymers. In contrast, the
polyacrylates with perfluorooctyl (-CsF17) side chains lead to hexatic smectic phases which are
responsible of the presence of isotropization temperature PFA-CgF17 (79 °C). [25]

Compared to PBMA homopolymer, the decrease in the Tg in the copolymer film is expected,
considering the long chain of the acrylate moiety (BEIICIIYINGIOUPSNCOICHICHECEEE)
imparting an internal plasticizing effect. The decrease in the Tg is beneficial for film-formation
to occur spontaneously at room temperature as long as the temperature remained around 20 °C.
At higher SNC content (10 wt. %) used in the emulsion polymerization did not affect the Tg
value, which is presumably due to the localization of SNC around the polymer particles.

The TGA thermograms of PBMA and P(BMA-co-PFA) under air flow are shown in Figure 5.
The PBMA prepared by emulsion polymerization in presence of SNC was stable up to 220 °C
and showed a mild loss of about 4-6%, presumably associated to SNC thermal degradation.
[49] Then, an abrupt weight loss of more than 90% was observed between 280 to 340 °C, is

attributed to the thermal cleavage of alkyl groups from the side chain and followed by some

depolymerization reaction.

trimer;—ete. [26, 50, 51] Indeed, the inclusion of fluoromonomer seems to delay the thermal
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degradation of the methacrylate backbone by about 20 °C, which is likely due to the better
thermal stability of the Ce¢F13 pendant group in PFA moiety attributed to the strong C-F bonds
(485 kJ/mol). [21]

3.2 Water release essays of coated DAP

This study is focused on investigation of release behavior of P(BMA-co-PFA) 8 wt. % SNC
and compared with that of P(BMA) homopolymer as a reference, to highlight the changes
introduced by the incorporation of the hydrophobic PFA comonomer on the kinetic release of

nutrients (N and P).

3-2-1 Morphological characterization of coated DAP fertilizers

The surface and cross-section of uncoated DAP and coated DAP morphologies were examined
by FE-SEM, and their micrographs are shown in Figure 6.

Fig. 6a displays the surface of uncoated DAP granule which presented a rough and uneven
structure containing small pores observed at high magnitude on its surface (Fig 6b-c). When
the DAP fertilizers were encapsulated by both polymers based on BMA, the coating surfaces
show a smoother and denser structure that the uncoated DAP (Figs 6d, e, g and h). [38] Similar
observations were reported by Dubey et al. [52] by comparing the surface morphology of urea
before and after coating by zeolite and acrylic polymer blends.

Fig. 6f and Fig. 61 show the cross-section micrographs SEM of coating materials with different
magnitudes. The inter-juncture zone of both coated materials (PBMA and P(BMA-co-FPA)
8% wt. SNC) and DAP fertilizers is continuous and devoid of any gap or cavity present in
BEBWESHMAGI The formation of cohesive films with different thicknesses are observed and
confirmed that polyacrylates (PAs) have a potential to be used in the field of agriculture as
coatings for slow-release fertilizers. [14,15] Indeed, the border and adhesion between DAP and
the film coating is irregular and sometimes difficult to observe, most likely due to the non-
spherical shape and irregular surface of the initial DAP granules. [53] The thickness was taken
at three different locations and the average thickness is calculated (Figures 6f and 6i). The
coating thicknesses average are approximately closed to 39+£5 and 34+5 um when the DAP
fertilizers were coated with P(BMA-co-PFA) and PBMA, respectively (Fig. S1 in ESI).
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Uncoated DAP

Coated DAP
with PBMA

Coated DAP with
(PBMA-co-PFA)

Figure 6. SEM images of uncoated DAP (a: granule, b: surface and c: cross- section), DAP
coated with P(BMA-co-PFA) 8% wt. SNC (d: granule, e: surface and f: cross-section) and DAP
coated with PBMA 8% SNC (g: granule, h: surface and i: cross-section).

The comparison of the EDX signals before and after coating (Fig. S2 in ESI) revealed definite
changes between the surfaces of coated and uncoated granules. The EDXs results are
summarized in Table 1. Indeed, the spectra of uncoated granules display characteristic peaks of
phosphorus (P) and nitrogen (N), which are assigned to the nutrients of DAP fertilizer. The
percentage of macronutrient elements such as P (21.5%) is close to those reported by the OCP
Company (P 20.1% (or 46% as P20s)), [54] and other micronutrient elements with low
percentage such as Mg were also noted. The detected carbon (19.5 %) corresponds to that used
during the metallization of the DAP granule in order to make the analyzed sample surface

conductive and to detect it later in the SEM analyses.
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_ For the DAP coated with both polymers, the carbon percentage

increases compared to that of the uncoated fertilizer and is attributed to carbon of the
incorporated (meth)acrylic monomers units. Indeed, the oxygen % is higher when the fertilizers
are encapsulated with P(BMA-co-PFA) than those coated with PBMA, as excepted since the
copolymer contains two ester groups in contrast to only one for PBMA homopolymer.
Moreover, the presence of fluorine atoms in the copolymer (%F: 1.3 %) confirms the presence
of PFA units in the fluorinated coatings prepared from 10% feed PFA comonomer. Compared

to uncoated DAP, the P % decreases when the fertilizers were recovered by the (co)polymer.

Table 3. EDX analyses of uncoated DAP and coated DAP with PBMA and P(BMA-co-PFA)
copolymer.

Elemental weight percentage ( wt. % )
C P N O F | Mg | Si S
Uncoated DAP 19.5 21.5 | 10.1 | 469 | 0.0 |04 | 0.0 | 0.0
o | P(BMA-co-FPA) 71.4 37 | 00 {200 13 |13] 23 | 0.0
é § PBMA 81.4 1.3 | 00 | 148 | 0.0 | 00| 1.8 | 0.8

Figure 7 displays the EDX mapping and shows the distribution of the elements
(C, P, N and O) on the cross-section of DAP coated with both PBMA and P(BMA-co-PFA).

Figure 7. Spatial distribution of the elements (C, P, N and O) on the cross sections of: (A) DAP
coated P(BMA-co-PFA) 8%SNC and (B) DAP coated PBMA 8% SNC (Bar scale: 20 pm)

The C, N and O elements show a more homogeneous distribution on the cross-section of DAP
coated with the copolymer (Fig. 7A). However, the detection of nutrients such as P and N in

the coating layers, which are present in small quantities (Fig 7B), indicates that this nutrient

penetrates into the coating layer.
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Release rate of N (%)

3-2-2 Phosphorous and Nitrogen release behaviors of coated and uncoated DAP Fertilizers

The nutrient release rates of uncoated and coated DAP granules of fertilizer in distilled water
and room temperature are described according to the procedures reported by Li et al. [S5] and
Pereira et al. [56]. Figure 8 exhibits the percentages of P and N released in water versus time
of the coated DAP from PBMA and P(BMA-co-PFA) polymers, and the uncoated DAP at pH

7 and room temperature.
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Figure 8. Kinetics of N and P releases in the case of uncoated DAP and coated DAP with
P(BMA-co-PFA) 8 wt. % SNC and DAP coated with PBMA 8 wt. % SNC in water at pH 7 at
room temperature.

Figure 8 shows that the release behavior occurred in two stages. At the beginning of the release
period, the N release rate of coated DAP with both PBMA and P(BMA-co-FPA) (co)polymers
increases rapidly from O to 5-10 hours (1+ stage: fast release) and then gradually increased from
5-10 hours to 25-30 hours (2~ stage: slow release). A similar profile is observed for P release
from both coating materials. Finally, the complete releases of N and P, from PBMA and
P(BMA-co-FPA) coatings, corresponding to a saturation plateau are reached after 27-32 hours

and 28-50 hours, respectively.

Figure 8 also displays that the nutrient solubilisation rate in water is much slower in the case of
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encapsulated fertilizers than for uncoated DAP. The untreated DAP is totally solubilized after
2 hours, while the P release profile of the coated granules reached the equilibrium stage
approximatively after 28 and 50 hours when the DAP is coated with PBMA and
P(BMA-co-FPA), respectively. Indeed, the time to reach the maximum concentration of N
release is 13.5 and 16.0 times lower than the corresponding uncoated DAP when the DAP
granules are covered with PBMA and P(BMA-co-FPA), respectively, indicating significant
slower P release properties. Therefore, these coatings have a great potential in increasing the
fertilizer use efficiency significantly. [7, 18, 20] The P(BMA-co-FPA) coating exhibited a much
delaying release of nutrients than that of PBMA. In fact, in 24 hours, the former just delivered
85% of the total nutrient whereas the latter one nearly released completely, providing that the
chemical structure of the coating is one of the key parameters affecting the release behavior of
P nutrient from the coating. In fact, considering the above contact angle results, the
enhancement of hydrophobicity of fertilizer coated with P(BMA-co-PFA) was expected to
contribute to the slow release of nutrients due to the presence of the fluorinated comonomer
with water repellent properties attributed to -CeF13 side groups even at low incorporation (6.5
mol%) of FPA commoner. [24] In addition, the thickness of the coating is also an important
parameter that can significantly govern the nutrient release. In fact, an increasing coating
thickness resulted in low nutrients release as the coating exhibited a long resistance path which
hinders the nutrient diffusion. [57] In our case, the thickness of P(BMA-co-PFA) (39 um) is
slightly higher than that of PBMA (34 um). Hence, it can be concluded the reason for which

the fluorinated copolymer coating produced a longer duration of nutrients release.

3-2-3 Mathematical Modeling of Release Kinetics

To confirm the above interpretations on the behaviour of nutrient release in water and to
describe the release kinetics and the transport mechanism of nutrient through the polymer
coatings, the data curves (Figure 8) were fitted following the semi-empirical Ritger-Peppas
model (Eq.1). [38] More details about this model and the corresponding mechanisms based on
the diffusional exponent (n) characterizing the release mechanism are supplied in the Electronic
Supporting Information (ESI). To obtain the n and k (release factors) values, graphs of
Log(Mi/Muw) versus Log(t) were plotted (According to Eq. 1, Figure S3) for each release
nutrients of DAP coated with PBMA and P(BMA-co-PFA). The n and k coefficients were
obtained from the angular coefficient and linear coefficient of the straight line, respectively.

Table 4 summarizes the resulting data of N and P nutrient releases from both polymers
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corresponding to the first and second release stages. The correlation coefficient (R?) was higher
than 0.9 in all cases.

Based on the results presented in Table 3, all calculated n-values of the first stage are greater
than 1, except for DAP coated with P(BMA-co-PFA) for P release which has a n-value close to
I (n = 0.90). These results indicate that the release is highly retained by the polymer barrier,
that the diffusion is carried out gradually allowing to the diffusion (accelerating the process) by
opening pores or degrading the structure of polymer coating (erosion of polymer). [39,58] A
n-value close to 1, corresponding to the release test of P for DAP coated with P(BMA-co-PFA),
indicates that this sample probably has significant uncoated parts where the dissolution takes
place without any barrier. [58] It is also reported that solely the molecular relaxation is

responsible for nutrient transport in this case. [39]

Table 4. Kinetic parameters of N and P releases calculated according to the Ritger-Peppas
model from DAP coated with P(BMA-co-PFA) 8 wt. % SNC and PBMA 8 wt. % SNC.

Release Release | Correlation Diffusion
exponent factor k coefficient Coefficient
(n)? (h'ha (R?) D x 10'°
(cm?/s) ®
1% stage (fast release)
P 0.90 0.79 0.99 2.66
B | P(BMA-co-FPA)
§ N 1.83 0.56 0.99 0.51
&)
A P 1.09 0.75 0.90 2.58
S | PBMA
N 1.34 0.31 0.99 0.14
27 stage (slow release)
P 0.05 0.89 0.90 1.40
3B | P(BMA-co-FPA)
§ N 0.13 0.82 0.93 1.08
N P 0.04 0.92 0.91 1.36
< | PBMA
a N 0.22 0.71 0.97 0.45

* Calculated from Eq 1
® Calculated from Eq 2

However, for the second stage, all n values are lower than 0.5. These results are in agreement
with a quasi-Fickian diffusion mechanism which characterized a partial diffusion. Thus,
nutrients diffuse partially through a swollen matrix as a result of structural rearrangements in

the polymer support. [59]
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Indeed, the diffusion coefficient values (D) for P and N releases from both polymer coatings,
obtained from Eq.2, are given in Table 4. By analysing and comparing k and D values, Table 2
reveals that for the fast release of P (first stage), kp@ma-co-rraye) (0.79 h') =~ kesmar) (0.75 h-
1) and Dp@ma-co-FrayP) (2.66 10710 cm?/s) ~ Dpemasp) (2.58 1071% cm?/s), while kp@ma-co-FrayN)
(0.56 h'!) > kesmany (0.31 h'!) and De@ma-co-rrayn) (0.51 1071° cm?/s)> Deamany (0.14 10710
cm?/s) for N release. For the slow release (second stage), it is noted that kp@ma-co-rrayp) (0.89
h'h)~ keemar) (0.92 h!') and Dp@ma-co-rrayp) (1.40 10710 cm?/s) ~ Deemarr) (1.36 10710 cm?/s)
for the case of P, and kpBMA-co-FrayN) (0.82 h™') > kpemany (0.71 h!) and DpBma-co-rrayN) (1.08
1071 cm?/s) > Dppmany) (0.45 1071° cm?/s) for the case of N.

Based on the above experimental comparison, it is clearly noted that the kinetics parameters
(k and D) for the P release (first stage and second stage) are partially equal for both coating
(co)polymers (Figure 8). However, in the case of N release, these parameters are small for
PBMA compared to P(BMA-co-PFA) for the first and second stages as observed in the release

curves (Figure 8).

Conclusion

Stable coagulum free latex dispersions based on butyl methacrylate (BMA) and
2-(perfluorohexyl)ethyl acrylate (PFA) were synthesized via emulsion (co)polymerization
using SNC as a sole stabilizer in replacement of synthetic surfactant. The size of the polymer
particles was in the range of 200-300 nm, depending on the SNC content and the dispersion
was stable for several months. The low percentage of incorporated PFA (6.5 %) in
P(BMA-co-PFA), increased the hydrophobic character of the film, as evidenced by the increase
of the water contact angle of the corresponding films compared to that of the PBMA
homopolymer. However, the evolution in the contact angle was dependent on the amount of
added SNC, with the highest value was observed at 10% SNC. A decrease of Tg by about
10 °C in comparison with that of PBMA homopolymer was also observed for the copolymer,
facilitating the film-formation of the latex at a temperature 15-25 °C. The morphology of the
surface and cross-section of coated DAP fertilizer with both (co)polymers was studied by SEM,
EDX and mapping to calculate the thickness of the coating membrane and also to evaluate the
adhesion between the DAP and the coating films. The profile release of N and P from DAP
covered coating films was performed using a UV-vis spectrophotometer. This encapsulation
expands the P release to 28 and 50 hours instead of only 2 h for uncoated DAP. Indeed, the time

to reach maximum concentration of N release was 13.5 and 16.0 times than the corresponding
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uncoated DAP when the DAP is covered with PBMA and P(BMA-co-FPA), respectively.
Compared to PBMA, the kinetic study also shows that P(BMA-co-PFA) copolymer exhibits
better slow release properties even at low percentage of PFA (6.5 mol%) due to CeF13 side
group inducing to the copolymer better hydrophobic character and lower T, with improved film-
forming properties. Therefore, the copolymer exhibited promising application as waterborne
copolymer for enhancing the efficiency of fertilizer and minimize their impact on the
environment.

The porosity of the coating polymers plays an important role in slow and controlled release of
nutrients from the coated fertilizers. Innovative approaches are needed to improve the soil water
balance for the crops in the arid and semi-arid regions. In fact, the preparation of superabsorbent
polyacrylate hydrogels with improved water-holding capacity, and water-retention properties
using emulsion copolymerisation and crosslinking reactions led to semi-interpenetrating polymer
networks (Semi-IPN). The preparation of Semi-IPN based on (co)polymers of BMA and PFA
by emulsion (co)polymerization using starch nanocrystals (SNC) as a pickering stabilizer and
in the presence of N,N’-methylenebisacrylate (MBA) as a cross-linking agent to obtain
networks with water-retention capacity and slow release nutrients performances is under

investigation.
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