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Abstract: In this work, biodegradable polymers were melt compounded with urea phosphate to
fabricate “smart fertilizers” for sustainable agriculture. Urea phosphate (UP) is typically applied as
a water-soluble fertilizer to treat phosphorus deficiency in high pH soils. Due to the low diffusion
rate of phosphate through slow-release fertilizer coatings, phosphate supply has been considered the
“bottleneck” for nitrogen—phosphorous—potassium (NPK) nutrients supply. We study the influence of
polymer matrix structure on release kinetics in deionized water using novel polyesters including poly
(hexamethylene succinate) (PHS), poly (30% butylene succinate-co-70% hexamethylene succinate)
(PBHS 30/70), and PBHS 70/30. Melt processed composites of UP and polyester were analyzed to
determine UP loading efficiency and dispersion and distribution of the salt in the polymer matrix.
A combined empirical model involving diffusion and erosion mechanisms was found have a good
agreement with the experimental release curve. This work provides a solution for environmentally
friendly controlled release phosphate fertilizer with good release performance using bio-based and
biodegradable polymers.

Keywords: biodegradable polyesters; controlled release fertilizer; melt blending

1. Introduction

The global consumption of synthetic fertilizer and crop fertilization has steadily increased over
the past several decades. For instance, global nitrogen-phosphorus—potassium (NPK) demand was
predicted to increase from 135.4 million tons (Mt) in 2000/2001 to 204 Mt in 2023/2024 [1]. However,
the fertilization efficiency is still relatively low. Only 50-60% of nitrogen and potassium and 10-25%
of phosphorus are estimated to be taken up by crops [2]. Some developments for higher fertilization
efficiency have been explored and commercialized. The slow/controlled release of nitrogen fertilizer
has been studied over decades to reduce the loss of nitrogen via leaching and evaporation, including
urea-aldehyde condensation products, and fertilizer granules/tablets encapsulated with sulfur and/or
polymer [3-5]. Compared with the use efficiency and the availability of nitrogen, the utility of
phosphorous fertilizer should be given more attention. The phosphorus uptake in crops from applied
mineral fertilizer reduces dramatically from 15% in the first year to 1-2%/year in subsequent years [3].
Its increasing accumulation in nature due to geochemical sorption, adsorption, and P-precipitation
is a major problem termed a “broken biogeochemical cycle”, resulting in the boost of algal biomass,
disruption to aquatic ecosystems, and costly recovery [6-10]. Recently, biodegradable polymers as
coatings for slow/controlled-release fertilizer have attracted interest for their potential to increase
fertilizer/pesticide utilization efficiency and reduce negative environmental effects [5,11-13]. However,
few studies focus on the controlled release specifically of the phosphate-bearing species and the
“bottleneck” problem previously discussed [2,14,15].
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The most commonly used commercial high phosphorus fertilizers are triple super phosphate
(TSP), di- or mono-ammonium phosphate (DAP/MAP), ammonium polyphosphate (APP), and urea
phosphate (UP) [16]. These P fertilizers can have short term effects on the localized pH value in soil;
for example, UP, TSP, and MAP have pH values of 1.0-3.5, and DAP has a pH value of 8.0, which could
result in “salt burn” of the germinating seed and plant root. Due to high water solubility and good
chemical compatibility with N or K fertilizers, P-fertilizers are applied alone or in combination in the
form of liquid fertilizer. However, the plant uptake efficiency of liquid fertilizer from foliar feeding is
limited [17]. Thus, it would be preferable to apply phosphate to the soil and allow the plant roots to
absorb the nutrient. For this, a controlled release method is preferred.

The processing methods for controlled release fertilizers include (1) solvent evaporation-induced
phase separation for microcarriers, (2) solution coating on fertilizer granules with/without heat
reaction, (3) cold-compressing pellets of fertilizers and binders, and (4) extrusion/melt-blending for
polymer/fertilizer composite tablets/films [2,18-21]. Extrusion or melt blending for the preparation of
controlled release nitrogen fertilizers (such as urea and nitrogen inhibitor) is particularly attractive
because the process is simple, cheap, and does not involve solvents, high pressure, or reactive
mixing [19,20,22,23]. Thermogravimetric analysis combined with Fourier transform infrared spectra
can be a good technique to understand the possible thermal decomposition during processing.

Biodegradable polymers are an important component of many controlled release devices in
pharmaceutical delivery applications and recently in tissue engineering [24]. Linear polyesters
are the most widely-researched class, especially poly(lactic acid) (PLA), poly(glycolic acid) (PGA),
and their copolymer, P(LA-co-GA) [25,26]. The controlled release kinetics can be classified according
to the following release mechanisms: (1) diffusion-controlled, (2) swelling/dissolution-controlled,
(3) degradation/erosion-controlled; and (4) osmotically controlled [27]. Sackett et al., Arifin et al.,
and Versyptetal., reviewed the mathematical modeling and simulations of drug release of biodegradable
controlled release systems [25,28,29]. Biodegradable polymers (such as polybutylene succinate (PBS),
polyhydroxyalkanoates, biopolyol/methylene diphenyl diisocyanate, and starch) have been applied
alone or in combination as encapsulating materials for controlled release fertilizer/pesticide, especially
in the form of coated granules [2,19-21,30,31]. Irfan et al., reviewed and reported the latest development
in modeling and simulation of nutrients release, mainly based on coated fertilizer, but the effects of
polymer degradation and external environment (such as temperature of soil) are less studied [32].
In reviewing the literature, we found less information regarding modeling controlled release from
biodegradable matrices [19].

Here, controlled release phosphate/polymer composites were prepared using a twin-screw
micro-extruder to melt mix urea phosphate with poly (hexamethylene succinate) and its copolyesters
with PBS. Our previous work showed that poly (hexamethylene succinate) (PHS) has a similar chemical
structure to PBS, a similar crystallinity, and faster biodegradability, while random copolymers of
PBS and PHS have tunable thermal, mechanical, and biodegradable properties [33,34]. This work
investigates the influence of copolymer structure on extrusion processing and the phosphate release
mechanisms of urea phosphate (UP)/polymer composite tablets. Thermogravimetric analysis is used
to verify UP loading level and prove that melt processing has not chemically degraded the fertilizer.
Elemental analysis is conducted to study the distribution of UP in the polymer matrix during release.
The temperature of the release medium is also considered. This work can provide a practical strategy
to process eco-friendly controlled release fertilizer and predict the phosphate release depending on
polyester characteristics.

2. Materials and Methods

2.1. Materials

Succinic acid (SA, >99%), 1,4-butanediol (BD), 1,6-hexanediol (HD, 97%), and titanium (IV)
isopropoxide (TTIP, 97%) were used as received from Sigma-Aldrich (Saint Louis, MO, USA) for
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the synthesis of PHS, poly(30 mol % butylene succinate-co-70 mol % hexamethylene succinate)
(PBHS30/70), and PBHS70/30 via melt polycondensation, and then synthesized polymers were
purified via precipitation from chloroform into methanol, as described in our previous work [33,34].
Urea phosphate (UP, > 98%), L-ascorbic acid (AA, reagent grade), and ammonium molybdate (meets
the United States Pharmacopeia testing specifications) were provided by Sigma-Aldrich (Saint Louis,
MO, USA).

2.2. Sample Preparation

Urea phosphate granules in the size range of 600-850 um were sifted out with a Ro-Tap sieve
shaker (from W.S. Tyler, Mentor, OH, USA) and U.S.A standard testing sieves No. 20 and No.30 (from
W.S. Tyler, Mentor, OH, USA). UP (0.5 g) and purified polyesters (PHS and PBHS30/70, 4.5 g) were
blended in a micro compounder (from DACA Instruments, Santa Barbara, CA, USA) at a screw speed
of 50 RPM and temperature of 80 °C for one min. Urea phosphate and PBHS70/30 were blended at
the same conditions except at a temperature of 90 °C. Urea phosphate-loaded polyester blends were
molded with compression molding in a heated press into tablet samples of ® 9.4 mm X 1.3 mm at
60 °C for PBHS30/70, 65 °C for PHS, and 90 °C for PBHS70/30.

2.3. Characterization

The Fourier transform infrared (FTIR) spectra of UP-loaded polyester tablets were measured
in the range of 4000400 cm™! using a Nicolet iS50 Fourier transform infrared spectrometer (from
Thermo Electron Company, Waltham, MA, USA) with a smart orbit attenuated total reflectance (ATR)
accessory. The spectra were obtained using 32 scans. The thermal stability of UP, pure polyesters,
and UP/polyester blends were measured with a Discovery thermogravimetric analyzer (TGA) (from TA
Instruments, New Castle, DE, USA) from room temperature to 1000 °C at the heating rate of 20 °C/min
under air atmosphere. The thermal decomposition of UP was determined using a 5500 TGA (from
TA Instruments, New Castle, DE, USA) connected with an FTIR module from room temperature to
200 °C at the heating rate of 20 °C/min under nitrogen. The nitrogen flow rate and purge rate were
50 mL/min. The FTIR spectra were collected over 16 scans with the resolution of 4 cm~! (each set of
scans took approximately 30 s). The residue from TG-FTIR was collected and tested with ATR-FTIR for
the analysis of composition.

PBHS30/70_10% UP blends and PBHS70/30_10% UP blends were dissolved in chloroform at
concentration of 50 mg/mL and then cast on glass slides. The morphology of the sample was observed
by a microscope (LSCM FV300 from Olympus, Tokyo, Japan). To determine the loading efficiency of
blending, samples were dissolved in chloroform at around 1 mg/mL, and phosphate species were
extracted by adding 10 mL water and stirring overnight at 650 rpm. The phosphate amount in top
water solutions were tested using a DU 640 ultraviolet-visible (UV-Vis) spectrophotometer (from
Beckman Coulter, Brea, CA, USA).

UP/polyester blends before and after immersion in deionized water were freeze-fractured with
liquid nitrogen. The cross-section surface was coated with gold using a Desk IV vacuum sputter coater
(from Denton Vacuum, Moorestown, NJ, USA) and observed with field-emission scanning electron
microscope (SEM) (JSM 7401F from JEOL, Peabody, MA, USA). Energy-dispersive spectroscopy (EDS)
(from JEOL, Peabody, MA, USA) was used to analyze the change of element distribution on the
cross-section of samples at intervals during the release test. The constituents of data analysis included
carbon, oxygen, and phosphorous without consideration of gold from sputter coating.

2.4. Phosphate Release Characteristics

A UP-loaded polyester tablet was incubated in a glass bottle of 100 mL deionized water and
kept in a water bath of 25 °C or 37 °C. Samples of 5 mL were taken at certain intervals for phosphate
determination and fresh DI water was added to keep the volume constant. The accumulated release of
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phosphate in solution samples was measured using the phospho-molybdate colorimetric assay and
calibration of the peak in the UV-Vis spectra at 860 nm [35].

3. Results

The polyester-UP composites were investigated using spectroscopy and thermogravimetric
analysis to verify the successful incorporation of UP. The ATR-FTIR spectra of UP, neat polyesters (PHS,
PBHS30/70, and PBHS70/30) and UP-loaded polyesters are depicted in Figure 1. IR spectra of polyesters
show characteristic bands at 2860-2960 cm™!, 1720 cm™!, 1153 cm™!, 800-920 cm™!, and 733 cm™!,
which are attributed to stretching of C—H in methylene groups, the stretching vibration of carbonyl
(—-C=0) in ester groups, ether (-C-O-C-) stretching vibration, C—C backbone stretching, and the
rocking of «(CHy)g—respectively [34,36]. After the loading of UP, the transmittance of urea phosphate
characteristic peaks, particularly at 1657 cm™!, can be seen in the composite spectra. FTIR shows
evidence of UP in all blends but cannot provide quantitative loading percentage.
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Figure 1. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of (a) urea
phosphate (UP), (b) poly (hexamethylene succinate) (PHS) (solid line) and PHS_UP blend (dashed line),
(c) poly (70% butylene succinate-co-30% hexamethylene succinate) (PBHS 70/30) (solid line) and PBHS
70/30_UP blend (dashed line), and (d) poly (30% butylene succinate-co-70% hexamethylene succinate)
(PBHS 30/70) (solid line) and PBHS 30/70_UP blend (dashed line).

3.1. Thermal Decomposition of Urea Phosphate

Interaction between urea and phosphate can reduce the ammonia volatilization from urea [37].
Heating and shear in blending processing can also cause the decomposition of UP; in particular,
the urea component decomposes over the temperature range 100-200 °C. TG-FTIR analysis was applied
to determine the decomposition mechanism and temperature for UP. In Figure 2a, the 3D TG-FTIR
spectra show the overall IR absorption of gaseous species produced from the thermal decomposition of
UP in the range of 25-200 °C as a function of time. From Figure 2a, the gaseous species were identified,
and these are presented in Table 1. The absorption of characteristic peaks for carbon dioxide (CO,) and
ammonia (NHj) as a function of time and temperature in Figure 2b were derived from Figure 2a and
TG analysis. Figure 2b shows CO; produced at 5.4 min corresponding to 126 °C and NH3 produced at
7.1 min corresponding to 153 °C due to the fixation by phosphoric acid. This result indicates that urea
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started to decompose into CO, and NHj at about 126 °C, with a small amount of water evolved from
the decomposition of phosphoric acid.
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Figure 2. (a) Three-dimensional (3D) thermogravimetric (TG)-FTIR spectra and (b) absorbance of
characteristic peaks vs. time/temperature.

Table 1. Identification of major gaseous species through characteristic IR bands.

Gaseous Species Characteristic IR Bands (cm~1) Ref.
CO, 2362, 670 [38,39]
NH;3 3337, 1627, 967, 930 [36,38]

H>0 (minor) 4000-3500, 1850-1640, 1560-1400 [38]

In Figure 3b, the single peak of urea phosphate at 3445 cm™' represents a secondary amide
(-NH-) group rather than the expected two peaks of free primary amide in urea, which is likely
due to the interaction between urea and phosphate. After TG-FTIR, the IR spectrum of UP residue
was compared with that of untreated UP in Figure 3b; the assignments of characteristic bands are
summarized in Table 2. In Figure 3b, the characteristic bands of the amide group (3445 cm~!, 1657 cm~!,
and 700-850 cm~! broad band) in UP disappeared, indicating that most of the nitrogen and carbon in
urea had already been emitted as NH3z and CO; [40—42]. The dehydration of phosphoric acid mainly
occurred after 210 °C and continuously and slowly formed H4P,O7;/HPOj3 until the rapid formation of
P40y at 579 °C, as demonstrated by the weight loss of pure UP in Figure 4 [36,40]. From TG-FTIR
analysis, we determine that the processing temperature of UP/polymer blends should stay below
126 °C to avoid premature thermal decomposition. Since melt processing can result in overheating
through viscous dissipation, excessive shear should also be avoided.
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Figure 3. (a) FTIR spectra of UP off-gas during thermogravimetric analyzer (TGA) heating at different
temperatures and (b) ATR-FTIR spectra of UP before and after TG-FTIR.
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Table 2. Assignment of FTIR absorption bands of urea phosphate before and after TG-FTIR.

v, em™! Assignment Ref. v, cm™! Assignment Ref.
Urea Phosphate - Urea Phosphate after TGA-FTIR -
L . 3200-3600 O-H vibration (broad band) [40]
N-H stretch: d; d 4
3445 Strelciing ih secondary amide (401 3170 N-H vibration (free/bonded) [40]
3218 (broad) O-H/N-H valence vibration [43] 3028, 2857 C-H stretching/deformation [f](]’
1650-1690 C=0 stretching (amide I band) [40] 1241, 1295 P=0 stretching vibration [44]

P-O stretching vibration

- -~ i ; 45
1160-1260 P-O stretching [42] 1062, 1027 (P-O-P or P-O-C) [45]
970-1010 o i~ . . .

10501140 P=0 for ROPO;3 [42,46] 877 Typical of bicyclic O=POj3 structure [42]

700-850 (broad) N-H bending/wagging [41,42] 760, 679 Typical of cyclic phosphate structure [42]

492 O=P-OH [42] 492 O=P-OH [42]
(a) (b) - ©
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Figure 4. TGA of neat polymer, urea phosphate with (a) PHS_UP blends, (b) PBHS 30/70_UP blends,
and (c) PBHS 70/30_UP blends.

3.2. Loading Efficiency

In order to verify the target 10 wt % loading during the blending process, we analyzed the TGA
weight loss curve and also performed a dissolution/UV-Vis test. TG analysis of UP, neat polymer,
and UP/polymer blends are shown in Figure 4; UP-loaded samples were repeated three times to study
the uniformity within the samples produced by melt blending. The loading efficiencies of UP/polymer
blends were analyzed by comparing the weight loss of UP/polymer blends and weight loss of UP
(38.9%) over the temperature range of 110-210 °C (ignoring the weight loss of polyester) associated with
the thermal decomposition of only the urea component (38.9 wt % of the UP compound). The average
weight loss of UP-loaded PHS, PBHS 30/70, and PBHS 70/30 are respectively 3.83 + 0.25%, 3.60 + 0.04%,
and 3.14 + 0.26% in this range. Then, these values were corrected by the weight fraction of urea in UP
to obtain the experimentally determined weight loading for all blends presented in Table 3. The blends
were also dissolved in chloroform, and the phosphate was extracted in distilled water. The amount
of phosphate extracted was measured using the molybdenum blue/ascorbic acid colorimetric assay;
the loading efficiencies thus obtained are also presented in Table 3 [35]. The derived loading levels
indicate that there is no loss of UP for PHS and PBHS 30/70 blends, while PBHS 70/30 blends have
about 1-2% loss during blending due to a higher processing temperature of 90 °C combined with shear.

Table 3. Composite weight loading from dissolution/UV-Vis test and TGA.

Blends Feed Ratio, % UP Loading, % From UV-Vis UP Loading, % From TGA
PHS_UP 10 9.9 +0.1 9.9 +0.6

PBHS 30/70_UP 10 104+ 0.5 93+0.1

PBHS 70/30_UP 10 78+0. 4 8.1+0.7

3.3. Characterization of Blends Morphology

The physical appearance of extruded and compressed polyester/UP blends (taking PBHS 70/30_UP
blends as an example) is shown in Figure 5a,b. The extruded filament and compressed tablet are light
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gray due to the added urea phosphate crystals; the solid samples became white after the release of
nutrients. In Figure 5¢c-h, the UP crystal structures were observed using optical microscopy after the
dissolution of UP/polymer blends in chloroform. The extrusion process resulted in the decrease of UP
crystal size from 600-850 um to 10-30 um, and the sequence of feeding also affected the crystal size.
UP crystals in PBHS 30/70_UP blends are smaller likely because they were fed at the same time as the
polymer pellets. For PBHS 70/30_UP blends, UP was added after polymer pellets were melted; thus,
less mechanical shear was imparted on the UP crystals for that blend.

(d) X20
o

‘ et -l B 200,
(b) (f) X4 (g) X20 (h) X50

Figure 5. Photos of UP/polymer blends (a) from extrusion and (b) compression molding; optical
microcopy images of urea phosphate crystal after processing (c—e) for UP-PBHS 30/70 blend; and (f-h) for
UP-PBHS 70/30 blend at different magnification.

In Figure 6, the cross-sectional morphology and the distribution of elemental phosphorus in
PHS_UP blend tablets were investigated during the nutrients release using SEM-EDS. While it is
difficult to accurately quantify the loading using this technique, the EDS analysis in Figure 7a shows
that 3.23 wt % of the sample surface is elemental phosphorous. Since phosphorous makes up 19.6 wt %
of UP, the value is higher than expected, but it is not unreasonable for the 10 wt % composites. In the
first stage of UP release, the samples are immersed in deionized water, and exposed UP crystals are
dissolved and released into water, which is very fast due to the high solubility of UP (11.74 mol % at
25 °C and 15.42 mol % at 37 °C) [47]. In addition, the diffusion coefficients of urea and phosphoric
acid in water at 25 °C are high (around 1.382 x 10~ cm?/s and 0.3-0.9 x 107® cm?/s respectively),
which also results in the fast transport of UP into the water [48,49]. As UP dissolved out of the polymer
matrix, a porous skin layer of about 200 um formed, as shown in Figure 6b. In Figure 7b, the remaining
elemental phosphorus can be seen in/around pores on the right edge, which indicates that water
can access the pore structure deeper in the polymer matrix. As UP crystals dissolve and diffuse into
polymer matrix, the areas where the phosphorous appears become larger. The EDS elemental analysis
shows that even though about 40% of the UP is released at 72 h (see Section 3.4), the amount of nitrogen
and phosphorous visible in the image is more than or similar to that of pre-release blends due to
the diffusion of nutrients in the polymer matrix. In Figures 6c and 7c at 588 h, all the crystals break
down and diffuse in the polymer matrix or out of the polymer. EDS elemental analysis reveals that
compared to the weight percentage of phosphorus in as-prepared blends, about 20% remains in the
polymer matrix. The amount of residual phosphate in the matrix could correspond to the solubility of
phosphate in polymer.
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9.4 mm

Figure 6. Scanning electron microscope (SEM) images of a cross-sectional surface from a PHS_UP
blends tablet (a) before release, (b) at 72 h, and (c) at 588 h in water of 25 °C.

Element
CK
N K
oK

Element Wt & At Element Wt &

61.46  0.2950 cx CK  48.29 55.36 0.2589 . CK  57.13 63.68 0.3769
6.16 0.0101 N K 12.05 11.85 0.0211 N K 6.30 6.02  0.0099
30.95  0.0917 oK 36.44 31.36 0.0892 OK 3582 29.98
P K 3.23  1.42  0.0279 P K 3.22 1,43 0.0277 PR 074 0.3z 0.0064
Total 100.00 100.00 Total 100.00 100.00 Total 100.00 100.00

.

9.9 130 1.0 140 3.0 240 270 3.0 v 020 0.40 0.0 000 1.00 1.20 140 1.40 1.0 2.00 2.20 v

Figure 7. SEM-EDS mapping (top) and element analysis spectra (bottom) of cross-section surface from
a 10% UP-loaded PHS tablet (a) before release, (b) at 72 h, and (c) at 588 h in water of 25 °C (red
represents locations with phosphorous present). EDS: energy-dispersive spectroscopy.

3.4. Phosphate Release and Modeling of Initial Kinetic Behavior

The experimentally determined loading levels (Table 3) were used to calculate the accumulated
fractional release of phosphate during immersion in deionized water, as shown in Figure 8a at 25 °C
and Figure 8b at 37 °C. During the release testing, no visible swelling was observed. After one hour
of release at 25 °C, about 5-10% of total phosphate was mobilized in water from the exposed UP
crystals. In Figure 8a, the first-release equilibrium (linear trend established) of PBHS 30/70_UP, PBHS
70/30_UP, and PHS_UP occurs at 48 h, 60 h, and 72 h, respectively. After that, the release rate slows for
all samples. The release of PBHS 70/30_UP levels off at around 60%, while the release continues to
around 75% (PBHS 30/70_UP) and 65% (PHS_UP), followed by a continuous release stage. In Figure 8b,
the release of PBHS 70/30 at 37 °C appears similar to that at 25 °C but reaches 60% release faster (about
48 h versus 72 h at 25 °C), while the release of PHS_UP at 37 °C shows much faster release until the
entire UP payload is released within about 100 h.

The Korsmeyer-Peppas model [50,51] is described by the following equation:

M£0t0 = kqt" 1
where M; is the release phosphate at time t, M, is the loading of phosphate in a polymer matrix, # is
the release exponent, and k is the kinetic constant.
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Figure 8. Accumulative phosphate release fraction for (a) UP-loaded PHS, PBHS 30/70, and PBHS 70/30
at 25 °C; (b) UP-loaded PHS and PBHS 70/30 at 37 °C.

The Korsmeyer-Peppas model (¢ in hour) for controlled release was applied to fit the polymer/UP
tablet release behavior up to M;/M< 0.6 in Figure 9; the results are summarized in Table 4. In the
Korsmeyer-Peppas model, # is < 0.45 for cylindrical tablets corresponding to the Fickian diffusion
model, while 0.45 < n < 0.89 indicates non-Fickian transport. Our polyester/UP blends (PHS_UP
and PBHS 70/30_UP in Figure 9a,c) exhibit Fickian diffusion except for the polymer with majority
butylene monomer, the PBHS 30/70_UP tablet in Figure 9b, which trends toward non-Fickian transport,
as indicated by the higher exponent of 0.51. This composite is also well described by the Higuchi
model, which fixes the exponent at 0.5. This result is comparable with the release of nitrification
inhibitor (dicyandiamide) slow release pellets (n < 0.45) and that of herbicide (metribuzin) slow
release pellets (n = 0.49) published by Levett’s group and Boyandin’s group [19,52]. According to
the R? values, most tablet release curves have better agreement with the Korsmeyer-Peppas model.
The Korsmeyer-Peppas model only demonstrates diffusion-controlled release, indicating that in the
first 60% release for all tablets, diffusion transport dominates [53].
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Figure 9. Simulation of initial release at 25 °C. (a) PHS_UP samples; (b) PBHS30/70_UP samples;

(c) PBHS70/30_UP samples.

Table 4. Simulation using Korsmeyer-Peppas model.

Korsmeyer-Peppas Model

Blends
n kq R? Type of Diffusion
25°C -

PHS_UP 0.38 +£0.01 0.060 + 0.002 0.94 +0.02 Fickian
PBHS 30/70_UP 0.51 £ 0.01 0.060 +0.002  0.963 + 0.006 Non-Fickian
PBHS 70/30_UP 0.42 +0.02 0.074 + 0.002 0.98 + 0.009 Fickian

37°C -

PHS_UP 0.3333 0.001838 0.9752 Fickian
PBHS 70/30_ UP 0.4227 0.125093 0.9914 Fickian
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3.5. Discussion and Modeling of Diffusion-Degradation Release Behavior

PHS and PBHS polyesters are hydrophilic, and the carbonyl groups in aliphatic polyesters are
susceptible to hydrolytic degradation in acid/alkali environments [54]. Polyesters are known for water
absorption in storage; poly(butylene succinate) can absorb about 1% water over 60 days of immersion,
resulting in a reduction of mechanical and thermal properties [55]. The pH of UP solution is about 2,
and the diffusion of urea is faster than that of phosphate, which could result in a localized decrease of
pH and acceleration of hydrolytic degradation in the pores as UP dissolves. These effects should lead
to early degradation in the UP solution. Figure 10 shows areas of the composite where degradation is
evident around larger crystal structures after release, which also occurs in poly(lactic-co-glycolic acid)
drug delivery systems with autocatalysis reported by Siepmann’s group and Mylonaki’s group [56,57].
EDS elemental analysis indicates locally higher phosphate concentration in the degraded pore structures.
These phenomena demonstrate that lots of phosphate can be trapped in aggregates, which can explain
the leveling-off and burst regions in the release curves. This can also happen in a coated controlled
release system, causing stalling in nutrients release.

Figure 10. SEM spectra of degradation structure in (a) PHS_UP for 588-h release, (b) PBHS 30/70_UP
for 606-h release, and (c) PBHS 70/30_UP for 580-h release at 25 °C.

In order to describe the release behavior over the entire length of the release experiment,
we examined the curve fitness of experimental results with two different models: the diffusion-relaxation
model (Equation (2)) and a model that combines diffusion and erosion (Equation (3)) [58,59].

M; 5
— = Iqt" + k" 2
Mo =tttk @
where m is the diffusional exponent of 0.4625, k; is associated with diffusion, and k; is associated
with relaxation.
M;

= at®> 4 bt 4 cf? + di® (3)

where a is associated with diffusion, and b, ¢, and d are associated with erosion.

The simulated release for all samples was determined using the diffusion-relaxation model and
the diffusion—erosion model in Figure S1 and Figure S2 (in Supplementary Materials). In Table 5,
the relaxation constants for all the tablets reveal a minimal relaxation effect on diffusion (i.e., ky is
small; therefore, there is no second-order time dependence). With the consideration of erosion in
the matrix, the empirical model has good agreement with the experimental release in Table 5. Since
b, ¢, and d are all much smaller than a, we can see that diffusion dominates for this model as well.
Although some values are negative, it does appear that the contributions from b, ¢, and d are larger
for the copolymers than for pure PHS, which correlates well with their degradation rates (PHS is the
slowest degrading polymer of those tested here) [33]. Perhaps small corrections to late-stage release
rates can be accounted for in this empirical model, but additional experimental work is needed to test
the fits to these models more robustly.
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Table 5. Simulation using diffusion-relaxation model and erosion-diffusion model.

Diffusion—-Relaxation Model Erosion-Diffusion Model
Blends
Ky ko R? a b c d R?
25°C -
PHS UP 0.053 —0.0005 0.97 0.038 0.0008 -3x107° -3x107? 0.98
- +0.001 +0.0003 +0.01 +0.003 +0.0003 +1x10°° +2x%x107° +0.01
PBHS 0.09 —0.0021 0.94 0.059 0.0016 -14x105 -19x10°8 0.97
30/70_UP +0.01 + 0.0006 +0.04 + 0.006 + 0.0009 +6x107° +9x%x107° +0.01
PBHS 0.077 -0.0024 0.973 0.0595 7 x 10726 -11x105 -1x10"° 0.97
70/30_UP +0.007  +0.0003 +0.09 £0.005 +1x10%5 +2x107® +1x107? +0.02
37°C -
PHS_UP 0.18144 —0.00819 0.93165 0.11544 0.00181 412%x107° 7.5 %1078 0.96772
PBHS ~ ~ 6 8
70/30_ UP 0.11332 0.00458 0.85088 0.15763 0.012 24 %10 2.3x10 0.96073

Phosphate release tends to be slower than other nutrients and shows a leveling-off around
45-70% [2]. In our system, the good dispersion of UP crystals in the tablets can provide a solution to
this problem, as shown in the release of PHS_UP and PBHS 30/70_UP. While the ratio of comonomers
did not have a strong influence on the release rate in water, their processing temperatures are quite
different, which can influence the particle size and UP degradation during processing. The copolyesters
also have different degradation behavior in enzymatic environments, which could influence the release
rate in a real setting [33]. Furthermore, our results show the influence of temperature. At 37 °C,
the faster diffusion of water and nutrients can accelerate the dissolution and reduce the trapping of
nutrients, resulting in a shorter level-off stage in the release curve.

4. Conclusions

In this study, we proposed a reliable method to extrude urea phosphate/polymer composites of
high loading efficiency for environmentally friendly biodegradable controlled release fertilizer using
PHS and PBHS copolyesters. The loading levels from dissolution/UV-Vis (based on phosphate) and
TGA (based on urea) have good agreement. From the analysis of FTIR and optical microscopy, we can
conclude that urea phosphate was dispersed from the initial size of 600-850 um to 10-30 pm during
processing. From the mathematical simulation, we can conclude that the relaxation due to water
uptake did not influence the release, and the erosion-diffusion model had a good match with the
release behavior of all the tablets. However, the erosion—-diffusion model did not consider the influence
of variable nutrients concentration on matrix erosion, which should be investigated in future work,
especially for different sized crystals dispersed in a polymer matrix. Last but not the least, we found
that the smaller crystals dispersed in a matrix can be a promising solution to phosphate bottlenecks in
controlled release fertilizer in agriculture application and even in other controlled release fields.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/2/301/s1,
Figure S1: Simulation using diffusion-relaxation model. Figure S2: Simulation using diffusion-erosion model.
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