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Industry-friendly urea coating by interlocking
waste proteins and nanoparticles via a glass
transition approach
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Sustainable agriculture seeks efficient fertilizers; hence, a stable urea coating using feather particles with
zinc oxide nanoparticles as a reinforcing agent is developed through a scalable drum rotor method.
Feathers have tensile strength as good as stainless steel, but they lack quick and low-cost processing
methods. Hence, acid hydrolysis followed by domestic microwave-assisted thermal treatment is devel-
oped, to our knowledge, for the first time, to disperse the feathers into a free-flowing microfiber powder
in 10 days. XPS analysis confirmed the formation of keratin—zinc complexes through ionic bonding with
carboxyl groups, highlighting the reinforcing role of ZNPs. Optimization of the hydrolysis tuned the glass
transition of the feather microfibers to 70 °C, which caused densification and membrane formation
during the mild heat-facilitated drum rotor coating. The optimized feather microfiber to ZNPs ratio and
subsequent rearrangement significantly enhanced the coating’s hydrophobicity and raised the water
contact angle to 126°. This densified structure also optimized the Young's modulus, fulfilling critical indus-
trial requirements for stability and controlled release. Importantly, it drastically reduced nitrogen loss in
soil, showing <15% leaching loss compared with uncoated urea. The feather microfiber, being recalcitrant
and suited for sustained nutrient release in soil, increased the rice yield by ~15%. The chlorophyll analysis
using the SPAD value corroborates the yield.

1. A urea fertilizer coating is developed using waste feather protein by leveraging the glass transition temperature, without binders/toxic solvents. Using about
75% of the recommended dose achieves crop production equivalent to 100% uncoated urea; thus, the carbon footprint from intensive Haber urea production

can be reduced proportionally.

2. The coated urea shows a reduction in leaching and volatilization and reduced groundwater pollution and greenhouse gas emission, respectively; finally,
the biodegradability of the coating is confirmed via the soil burial test.

3. The feather microfiber synthesis developed here can be further improved by enzymatic action; the coated fertilizer has to be tested with other combinations

and crops.

Introduction

involves N-fixation by the Haber process, which has a huge
carbon footprint.2’3 Volatilization, erosion, surface runoff, and

The global population is predicted to hit 10.1 billion in 2100;
therefore, fertilizers will be in high demand.' Hence, the UN
17 goals for sustainability insist on fertilizer efficiency through
goal 2: zero Hunger, goal 12: responsible consumption and pro-
duction, and goal 13: climate action. By 2050, urea demand is
expected to reach 200 million tonnes. Urea manufacturing
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leaching loss are significant for nitrogen fertilizers, which leads
to the loss of about 50%-70% of the urea applied to the soil, as
there is a mismatch in the rate of crop uptake and nutrient
release.> Additionally, these losses in N-rich fertilizers, such as
urea (46% N), result in environmental damage by greenhouse
gas emissions (N,O and NH;) and water eutrophication;*’
hence, there is a need to improve the fertilizer use efficiency.
Fertilizer coatings based on synthetic polymers, including
polystyrene,® polyolefin,® polysulfone,'® and others, were con-
sidered for the sustained release of nutrients. To substitute the
synthetic polymer, biomass-derived polyurethane made
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through a cyanide cross-linker was adopted for urea
coatings,'™'* which guarantee long-lasting release.'® To make
it more robust, the synthesis of polyurethane derived from
cotton waste combined with siloxane'* has been attempted,
but in the pursuit of stability, the residual effects were
ignored.

The Circular Economy Action Plan under the European
Commission proposal limits the polymer use in fertilizer coat-
ings as they need long degradation time, leave microplastic
residues, and alter the soil pH.?

So biodegradable alternative coatings using lignin + bento-
nite clay + alginate + polyacrylic acid,"® silica-coated ligno-cell-
ulose + egg white coating,'® and other ligno composites have
been developed to give stable coatings.'” In this line of waste-
derived fertilizer coatings, modified starch with eggshell nano-
particle coatings has been developed, which are found to be
stable.’® In continuation of this, a couple of chitosan-based
systems for phosphorus fertilizer have been developed, in
which the latter design demonstrates elegant 4-D slow-release
coating characteristics."®*® Through sustainable nutrient
release during the crop-growing season, this innovation has
the potential to boost agricultural output and improve fertili-
zer use efficiency.

Keratin is the most recalcitrant bio-waste, having tensile
strength close to that of stainless steel (~250 MPa Mg™' m™).
It is available in abundance from poultry, given that 65 million
tons of chicken are consumed annually worldwide, producing
3-4 million tons of waste feathers.”"*> Chemically, feathers
contain ~90-92% pure keratin,”® with an average molecular
weight of ~10 kDa,** and a linear polymeric backbone having
~7% cysteine crosslinking sites. Physically, keratin has high
tensile strength and good membrane-forming properties.>*>>°
The advantage of disulfide cross-linkages to maximize the
spinnability of fibers makes feathers suitable for keratin fiber
production.””*° However, the dispersion of feathers as fine
particles suitable for film formation requires toxic linker, sur-
factants such as SDS,* reductants such as i-cysteine, or
alkali solvents, which restrict the commercial potential.*!
Barone, in 2006, developed a scalable method by tuning the
extrusion temperature to form a viscous dispersion suitable
for film formation, which gained industrial appreciation.>

Here, another scalable alternative was studied in which
feathers were dispersed quickly into a coating-compatible
powder by acid hydrolysis coupled with microwave thermal
treatment and drying. Further, the glass transition (7,) temp-
erature of keratin was explored for (fertilizer coating,
generally T, lie in the range of 67 to 100 °C based on the
degree of hydrolysis and the classical rule to engage binder to
form a stable coating has been waived.*® A high concentration
of keratin in glassy state is known to promote efficient
binding.** This will enable the industry to comply with the
environmental regulations and prevent nutrient loss during
processing.

The critical role of nanostructures in the future circular
economy’® encourage to capitalise the ability of nanoparticles
to reinforce membranes for stability. Therefore, in this study,
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to achieve a feather microfiber biopolymer coating on a fertili-
zer, nanoparticles were used as the reinforcement agent. Zinc
is an essential micronutrient, and zinc oxide nanoparticles
have been utilized in deficient soil, particularly in rice and
corn production.’®?” Thus, ZnO nanoparticles have been
employed as the reinforcement agent here. The ability of cat-
ionic Zn to coordinate in a multidentate fashion with thiols,
amines, and hydrocarbons in the keratin is expected to aid
successful reinforcement.*®*° While, on the application side,
zinc plays two important roles: first, it acts as a cofactor in
many physiological functions,*’™** and, second, it is involved
in defence responses and signalling in plants, which is regu-
lated through zinc finger proteins and ROS metabolism.***?
Hence, its addition in the coating is expected to complement
crop productivity. Furthermore, for the first time, the glass
transition temperature of keratin is used for the coating,
which enables a binder-free coating (Table 1) on urea pellets
via a drum rotor method. The product has been tested for crop
production efficiency in rice.

Experimental
Materials

Urea (46% nitrogen) was bought from IIFCO to carry out the
coating with poultry feather microfibers (treated with 0.001%
sulfuric acid for 10 days, followed by microwave treatment).
Materials such as petroleum ether, isopropyl alcohol, and soda
ash (Na,CO;) were purchased from RANKEM; Soda ash lime
sequestering agent (CaOH) and zinc acetate from SRL;
Potassium hydroxide from HIMEDIA; and ethanol from
Thermofisher chemicals. All the chemicals were of analytical
grade.

Preparation of coating material

Extraction of feather microfiber (KPP). Given that poultry
feathers are composed of ~90%-92% keratin protein, they
must be used as a whole without any extraction, which would
merely result in loss.*® Owing to the complexity of the feather’s
structure, it became apparent that grinding them for further
use was challenging. Previously, protein extracted from feather
waste involved several lengthy and intricate procedures, and
the yield was often insignificant.”®*® Hence, here, raw feathers

Table 1 Coating materials and their binder/cross-linkers

Coating materials Binder/cross-linker ~ Ref.

Bio-based polyurethane acrylate BPUA via UV 46
(BPUA), polydimethylsiloxane curing

(PDMS), and thiol-grafted nanosilica

(TNS)

Bio-based polyurethane (from BPU thermally 47
liquefied wheat straw), crosslinked
organosilicon, and nano-silica polymer

Chitosan and citric acid Citric acid 20

Waste feather and ZnO Binder-free Present
nanoparticles study

This journal is © The Royal Society of Chemistry 2025
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were first pretreated with the standard ASTM D 584 pro-
cedure,” then briefly rinsed with deionized water and dried at
40 °C, followed by Soxhlet treatment®® using petroleum ether
at 70 °C to remove oil. Further, the pre-processed dried feath-
ers were immersed in 0.001% sulfuric acid solution (100 mL
g¢™!) at pH 5 maintained for 10 days to achieve mild hydrolysis
and dispersion without significantly damaging the protein
structure. The resultant material was microwave-treated for
45 minutes, halting every 5 minutes, using a standard dom-
estic microwave oven operating at ~700 Watts (standard power
for domestic microwaves). After this treatment, the material
loses its firmness and is subsequently ground to a fine powder
using a ball mill for 6 hours at 320 rpm, with an interval of
15 minutes after each hour.

Synthesis of zinc oxide nanoparticles (ZNPs). Zinc oxide
nanoparticles (ZNPs) were synthesized by a co-precipitation
method with minor modification.* Briefly, 0.779 g of zinc
acetate (precursor) was mixed with 42 mL of anhydrous
ethanol and 0.25 mL of water. This solution was incubated at
80 °C under inert conditions. Separately, a potassium hydrox-
ide solution was prepared by dissolving 0.442 g of KOH in
23 mL of ethanol and added drop-wise to the zinc acetate
mixture. After 16 h of reaction, the flask was allowed to cool to
ambient temperature, and the synthesized ZNPs were dis-
persed and washed in a 1:1 solution of isopropyl alcohol and
ethanol. Finally, the particles were pelleted down by centrifu-
gation. Upon drying at 60 °C, the resultant ZNPs were again
dispersed in a 10% ethanol solution for coating.

Preparation of coated urea pellets

The urea pellets (average diameter 3-4 mm) were screened
using 4 mm and 3 mm pore size sieves. The resultant pellets
were weighed and placed in a customized rotatory drum oper-
ated at 70 °C and 32 rpm. While the rotation was in progress, a
high-pressure air gun was used to spray ZNPs in 10% ethanol
(so that it is in the powder state when it reached the pellet) fol-
lowed by feather microfiber onto the urea pellets. The rotor
was rotated at 32 rpm for an additional 30 minutes after the
heater was switched off. After the coating was completed, the
coated urea pellets were collected. Three different thicknesses
of coated urea pellets, designated as KZC1, KZC2, and KZC3,
corresponding to 3%, 6%, and 10% of the coating materials,
respectively, were prepared. The coating percentage was deter-
mined using eqn (1).

Coating percentage = {w, — w;/w,} X 100 (1)

where w; is the weight of the uncoated urea pellets and w, is
the weight of the coated urea pellets.

Characterization of the coating material

A Bruker D8 Advance powder XRD (X-ray diffractometer) with
Cu-Ka radiation (1 = 1.5406 A) at 40 kv and 25 mA was used to
record the diffraction peaks of ZnO particles and examine the
crystalline behaviour of the coating material. A Bruker Vertex
70 series Fourier transform infrared (FTIR) spectrometer in
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attenuated total transmittance mode was used to perform
spectrum analysis. A TA Instruments Differential Scanning
Calorimetry (DSC) Q2000 V24.11 was used to determine the
glass transition temperature of the synthesized feather microfi-
ber. Scanning electron microscopy (SEM) images were cap-
tured using a JEOL JSM IT300 device operating at 15 kV. UV-
visible absorbance spectra were recorded using an Agilent
Technologies Spectrophotometer. The zeta potential of the
material was recorded using a Malvern Zetasizer instrument. A
JASCO J-1500 spectrometer was used to record the circular
dichroism (CD) spectra using a quartz cuvette with a 2 mm
path length, 190-400 nm wavelength range, and 200 nm min "
scan rate. The N, adsorption-desorption analysis was per-
formed with a Quantachrome Autosorb iQ2 Brunauer-
Emmett-Teller (BET) surface analyzer at —196.15 °C. A con-
focal Raman system (WITEC focus innovation) was used to
record the Raman spectra at 532 nm laser wavelength and
10 mW power. A Thermo Scientific K-Alpha surface analyzer
coupled with a monochromatic Al-Ka source (7 = 1486.6 eV), a
micro-focused (400 pm, 12 000 V, 72 W) hemispherical analy-
zer, was used to perform X-ray photoemission spectroscopy
(XPS) studies. The mechanical property of the coated compo-
site in terms of Young’s modulus were determined using an
Anton Parr MCR302 Rheometer configured with a 50 mm par-
allel plate geometry to obtain stress-strain curves. A Kruss
Advance drop-shape analyzer (DSA) was used to measure the
hydrophobicity of the coating material by water contact angle
measurements. Molecular docking was performed with
AutoDock Vina 112, which simulates the molecular inter-
actions in 3D space, and BIOVIA Discovery Studio Visualizer
was used for the visualization of the bonds as well as the
docked structure.

Characterization of coated urea pellets

The mechanical strength was evaluated by investigating the
penetration and abrasion strength of the coated urea pellets
(KZC1, KzZC2, and KZC3) in comparison to uncoated urea
pellets.

Penetration strength. A commercial table-top penetrometer
(Khera) was used to perform the penetration study. The pene-
tration distance in units of 1/10th mm was calculated from the
difference between the initial and final values obtained after
placing each pellet (10 for each coating) on a flat surface and
subjected to pressure with a 70 g plunger connected to the
penetrometer,'®'8

Abrasion strength. Abrasion resistance measurements were
conducted following the Fertilizer Manual published by the
International Fertilizer Development Centre (IFDC S-116) of
the United Nations Industrial Development Organization.*?
Briefly, a cylindrical container containing zirconium beads
and 10 g of weighed pellets (3 : 1) was placed within a rotating
drum at 30 rpm. The pellets were taken out after 2.5, 5, 10, 20,
and 40 minutes and sieved through 3 and 1 mm pore-size
sieves. The pellets that were left over the 1 mm sieves were
then collected at regular intervals and weighed. The abrasion%
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was determined by using eqn (2), and the experiment was run
in triplicate.

Abration% = 100 — 100(my/m;) (2)

where m, is the weight of pellets added to the cylinder and m,
is the weight of the pellet recovered after abrasion.

Humidity strength. The pellets (10 for each coating) were
incubated at different relative humidity levels (40%, 50%, 60%,
70%, and 80%) in a humidity-controlled incubator (Scientific
Instrument) for 20 days and weighed before and after incu-
bation time, then analyzed gravimetrically.>® The water per-
meability of the coated (KZC1, KZC2, and KZC3) and uncoated
urea pellets was calculated by using eqn (3) and was monitored

regularly.
Water permeability% = 100 — (m1/mo0) x 100 (3)

where the weights of the urea pellets at 20 and 0 days were
denoted by m1 and m0, respectively.

Water-holding strength. The capacity of the coating to hold
water in the coated pellets (KZC1, KZC2, and KZC3) was esti-
mated by swelling%, where gravimetric analysis was performed
before and after soaking the pellets in water for 24 hours. The
weight change of the pellets was then converted into swelling
percent’® using eqn (4). Each treatment was performed in
triplicate:

Swelling% = [(s1 — s0)/s0] x 100 (4)

where s0 is the pre-test weight and s1 is the post-test weight.

Biodegradability study. A soil burial test was performed
using the soil processed after carefully separating stones,
debris, and hardened clumps. The coating was performed in
triplicate on a glass slide in the same way as on urea pellets by
using an air-gun; following this, the slides were dried,
weighed, and placed at a depth of 5 cm in the soil. At regular
intervals, the soil was irrigated to maintain field capacity. The
coated glass slides were drawn out of the soil at regular inter-
vals, ie., 10, 20, 30, 40, 50, and 60 days, to record the
weight.’®>> The weight loss percentage was used to determine
the biodegradability of the coating composite. The weight loss
was calculated using eqn (5).

Weight loss% = [(m; — my)/my] x 100 (5)

where m, is the slide’s pre-test weight and m, is the film’s
post-test weight.

Cumulative release study. The nitrogen release experiment
was performed in triplicate by incubating 10 g of coated
(KZC1, KZC2, and KZC3) and uncoated urea in 200 mL of dis-
tilled water at room temperature.>*® At regular intervals, 2 mL
of the sample was withdrawn and concurrently refilled with
the same amount of water. Nitrogen was estimated from the
collected samples, with the help of Kjeldahl apparatus (Tulin
KjelTron).

Mechanism study. The kinetics of nitrogen release was
determined using four mathematical models represented in
the following equations, where, A, denotes the cumulative
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release rate at time ¢, A, is the maximum release rate, b is the
release constant, t is the release time, M,/M, is the urea release
rate at time ¢, k is the diffusion constant, and »n is the diffu-
sional exponent, which describes the transport mechanism
(Table 2).

The coefficient of determination (R*) and the standard error
of estimates (SER) were calculated to finalize the best-fitting
model.”" The standard error of estimation (SER) is determined
using eqn (6), where n represents the number of experimental
data, Nt is the experimental value, and Nt' is the calculated
value.

SER = {) [(Nt—Nt)*/(n —2)]}*’ (6)

Here n depicts the flow kinetics; if n < 0.5, Fickian
diffusion-controlled release occurs, and if n is between 0.5 and
1, it indicates a non-Fickian diffusion release mechanism.

Leaching loss study. To compute the leaching loss of nutri-
ents from the fertilizer pellet, a well-drenched loamy soil
column with a pH of 7.2 was packed in a PVC column. In this
column, the coated (KZC1, KZC2, and KZC3) and uncoated
pellets were incubated in triplicate for 40 days. During this
incubation time, the leachates were collected at periodic inter-
vals (0, 5, 10, 20, 30, and 40 days) while keeping soil moisture
in a saturated condition by irrigating every 2 days.>**” The per-
centage of nitrogen in the leachates was estimated using the
Kjeldahl method.

Volatilization loss study. Volatilization loss of nitrogen as
ammonia was calculated using a Keithley DMM6500 6 1/2 digit
multimeter through the chemoresistive method. The percen-
tage of volatile ammonia loss from the coated (KZC1, KZC2,
and KZC3) and uncoated urea pellets was determined using
the resistance signal from a typical SnO, ammonia sensor, rep-
resented as sensor response (SR) at 150 °C and 50% relative
humidity.'®"®

SR = (R.air/R.gas) — 1 (7)

Here R_air is the resistance in synthetic air, and R_gas rep-
resents the resistance in the presence of coated and uncoated
urea pellets.

Pot study

Treatment details. After the lab study, the effectiveness of
coated urea pellets over uncoated pellets was evaluated in a
pot experiment on rice crops (var. PB1509). A total of 15 pots
(3 replications of each treatment) were arranged and filled
with 25 kg of farm soil in each pot. Before filling the soil into

Table 2 Mathematical models and equations to determine the
mechanism

Model Equations

A, =Ao(1 — e™) or In(4, — 4)) = In(4,) — kt
A=b+kint

A;= b+ kt®®

M _t/M_0=kt" or In(M_t/M 0)=Ink +nlnt

First-order
Simple-Elovich
Parabolic diffusion
Ritger-Peppas

This journal is © The Royal Society of Chemistry 2025
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Treatment Dose w.r.t. the recommended dose Time of application

Control 100% recommended dose of N (RDN) 1/3™ basal + 1/3™ active tillering + 1/3™ panicle initiation
T1-100-B + AT 100% RDN 1 basal +1 active tillering

T2-100-B + AT + PI 100% RDN 1/3™ basal + 1/3™ active tillering + 1/3™ panicle initiation
T3-75-B + AT 75% RDN 1 basal +1 active tillering

T4-75-B + AT + PI 75% RDN 1/3™ basal + 1/3™ active tillering + 1/3™ panicle initiation

the pots, the soil was analyzed for its nutrient content. From
the rice nursery bed, 25-day-old rice seedlings were trans-
planted with 4 seedlings per pot. Sufficient moisture was main-
tained throughout the crop cycle. Coated fertilizers (KZC) were
applied as per treatments (Table 3).

Plant studies

At maturation of the rice (panicle-yellowing stage), the crop
was harvested individually for each treatment, packed, and
marked carefully. After that, the harvested material was sun-
dried to achieve an ideal moisture content for threshing, and
grain yield was calculated by gravimetric analysis of grains in
grams. The percentage yield increase of each treatment over
the control was calculated using eqn (8).%°

Increased yield% = [(treatment yield

— controlyield)/(controlyield)] x 100
(8)

The calculated straw yield accompanied the determination
of grain yield in a similar manner. The Harvest index (HI) was
determined using eqn (9) after calculating both grain yield
(economic yield) and biological yield.

HI% = [(economic yield)/(biological yield)] x 100  (9)

SPAD value and nutrient analysis of plant samples

The N content in the vegetative parts (above ground) was esti-
mated using the Kjeldahl method at 30 and 60 days after
sowing. The samples were collected, dried, and then used for
N% estimation. A SPAD-502, a handheld chlorophyll meter
(Minolta Corporation, Ramsey, N.]J.), was used for non-destruc-
tive and rapid estimation of chlorophyll content in the green
leaves. Furthermore, zinc content in grains and straw was
determined by the wet-digestion (diacid-digestion) method.>”
Zinc utilization efficiency (ZUE) was computed using the fol-
lowing formula:

ZUE = physiological effeciency (PE)

x apparent recovery efficiency (ARE) (10)
where PE = (grain and straw yield of treatment — grain and
straw yield of control)/(zinc uptake in grain and straw of treat-
ment — zinc uptake in control), and ARE = (zinc uptake in

grain and straw of treatment — zinc uptake in control)/(total
amount of zinc applied).

This journal is © The Royal Society of Chemistry 2025

Life cycle assessment (LCA)

Life Cycle Assessment (LCA) was performed using openLCA
2.0.2 software developed by GreenDelta, with data sourced
from the Ecoinvent database.®® The assessment mainly
focused on evaluating the life cycle of raw materials used in
the coating of urea and their associated environmental
impacts across multiple categories. A cradle-to-gate system
boundary was adopted, encompassing all stages, from raw
material extraction to the production of the final coated fertili-
zer. For comparative analysis, conventional industry-standard
coatings, sulfur-coated, and polymer-coated urea fertilizers
were assessed. The Life Cycle Impact Assessment (LCIA) was
carried out to quantify impacts across several key environ-
mental factors, including freshwater ecotoxicity, human carci-
nogenic toxicity, marine ecotoxicity, ozone formation (both
human health and terrestrial ecosystems), terrestrial acidifica-
tion, and terrestrial ecotoxicity.

Statistical analysis

The pot culture study was performed using a randomized block
design, and all experiments were carried out in replicates. Origin
software (OriginPro 2024) was used to plot the graphs, and one-
way ANOVA was carried out to evaluate the data’s significance.

Results and discussion

The aim of this study was the sustained release of urea using
poultry waste feathers as the coating, reinforced with zinc
oxide nanoparticles through an industrially scalable drum
rotor coating method. For spraying compatibility, for the first
time to our knowledge, the feathers were powdered through
scalable microwave heating. Thus, the synthesized feather
microfibers (KPPs) and ZNPs were powder-coated onto the
urea pellets using a high-pressure air gun for sustained nutri-
ent release.

Characterization of the coating material

Feathers, composed of keratin, have a secondary structure
comprising o-helix and p-sheets, which is formed by disulfide
linkages, which makes it both robust and recalcitrant.® For
any application of this pure protein waste (90% keratin), the
feather is pre-processed using di-2-mercaptoethanol and
L-cysteine. About a decade ago, a scalable mechanical feather
dispersion process was developed for film formation by tuning
the extrusion temperature.”” This motivated us to develop a

Green Chem., 2025, 27,15291-15304 | 15295
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relatively facile process that involved hydrolysis by acid, fol-
lowed by microwave thermal treatment. This treatment does
not damage the protein structure completely, which is evident
from the XRD spectra observed before and after the hydrolysis,
microwave heating, and milling process (Fig. 1a). As the 26
peaks of KPP show only a minor change, such as a drop in the
9° 26 intensity and shift in the 20° 26 peak towards higher
angle with broadening, which correspond to lower o-helix and
higher p-sheets/p-turns, respectively.> Corroborating this,
TEM images show a sheet-like morphology (Fig. S1). Following
this, FTIR spectroscopy revealed that the chemical structure
and groups remained intact before and after the processing
(Fig. 1b). As the characteristic absorption bands of amide I
(-CONH-) (C=O stretching vibration) at 1700-1600 cm™,
amide II (N-H bending and C-H stretching vibration) at
1531 em™', amide III (in-phase C-N stretching and N-H in-
plane bending) at 1220-1300 cm ™, and asymmetric and sym-
metric S-O stretching vibrations at 1167 and 1073 cm ™" were
retained.®>®* Thus, the hydrolysis was tuned in such a way that
the physical and chemical structures are primarily retained,
with the T, tuned to 70 °C so that it matches the heating in
the process of the drum-rotor-assisted fertilizer coating
(vide infra) (Fig. S2). ZNPs were synthesized using the co-pre-
cipitation method, forming zincite (syn) nanoparticles. The
XRD analysis confirmed the pattern to be consistent with the
JCPDS spectra no. 00-0361-1451, which corresponds to hexag-
onal lattices (Fig. 1c). The SEM image shows spherical nano-
particles with an average diameter of ~29 nm (Fig. 1d, 1d
inset). The FTIR spectrum shows sharp bands at 511 cm™" and
433 em™" corresponding to the stretching vibration of the Zn-
O bond, and the UV spectrum shows absorption maxima at
365 nm, corresponding to the bandgap of the ZNPs (Fig. S3
and $4).°>°°

(a) Fthr (b) — Fthr
——KPP
@ 1
- 2 !
: = Amide I1
; ‘*é \N/ A Amide 1
gz ] [
z g y#
£ K = Amide | o
= A
B
4000 3000 2000 1000

10 20 30 40 50 60

20 (degree) Wavenumber (cm™)

—(d)

~
g

N’
101

* JCPDS No. 00-036-1451

Intensity (a.u.)

| RIS

20 40 60 80
20 (degree)

100 nm
—_—

Fig.1 (a) XRD and (b) FTIR spectra of feather microfiber (KPP) and
feather (Fthr), (c) XRD spectra and (d) SEM image with inset of size distri-
bution graph of ZnO nanoparticles (ZNPs). .
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Chemical nature of the coating

The synthesized feather microfiber and ZNPs, were powder-
coated over urea [(500 ppm ZNPs in 100 pL + 300 mg feather
microfiber) 10 g~ urea] (the ratio and the volume has been
optimized for even coating vide infra). The physicochemical
properties of this blend were characterized using XRD, CD,
SEM and BET, which confirmed the presence of ZNPs in the
polymer framework. The XRD spectra of the coating show
broad humps at 20 = 20°, signifying higher f-sheets, f-turns,
and random coil®® overlapped with crystalline ZNPs peaks
corresponding to 100, 002, and 101 hkl planes (Fig. S5). The
spectra also confirm the semi-crystallinity, which may greatly
influence coating flexibility. The CD spectra show the typical
a-helix and p-sheets of the keratin secondary structure in the
feather microfiber sample. The addition of ZNPs led to a sig-
nificant redshift in the negative 215 nm f-sheets peak and an
appearance of a positive 225 nm random coil peak, which is
attributed to the denaturation and re-conformation to a new
structure (Fig. 2a).°”°® Additionally, zinc acts as a nano-filler,
as seen in the SEM micrograph image showing filled pores on
the protein sheets (Fig. 2b inset); this behaviour reflected a
noticeable drop in surface area from 22 m”> g~* to 4 m> g¢”' by
BET analysis after the ZNPs were introduced (Fig. 2b).

To understand the bond formation in the coating material,
the composite was characterized using XPS, ZETA, FTIR and
Raman spectroscopy. XPS analysis confirms the elements and
the bond formation of zinc with the carboxyl group of the
protein in the coating composite. The presence of the main
components of KZC, viz., C, O, N, and Zn, was confirmed in
the photoelectron survey scan (Fig. 3a). Furthermore, compari-
son of the KPP and KZC in the narrow-scan spectra of oxygen
(Fig. 3b and c, respectively) shows the appearance of a new
peak at 529.78 eV that is indicative of ionic bond formation
between zinc and the carboxylic group on the protein.
Furthermore, the COOH percentage at 531.607 eV decreases
after linking with zinc, which allows the unreacted percentage
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Fig. 2 (a) CD spectra and (b) BET isotherm graph of feather microfiber
zinc coating material (KZC) and feather microfiber (KPP). The inset
shows the SEM image before and after filling pores in KPP and KZC,
respectively.
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of C-OH to expose and increase,®”’° confirming that the

protein forms a complex with the zinc ion by removing a
proton from the carboxylic acid. Finally, the binding energy of
O-H decreased from 530.9 eV to 530.68 eV. The relationship
between the average oxygen charge (Q) and binding energy
(BE) was calculated to confirm the binding of zinc with the car-
boxyl group rather than the hydroxyl group of the protein by
the following formula.®®

Q = —4.372 + [385.023 — 8.976 x (545.509 — BE)]"/?/4.488
(11)

The magnitude of Q increased as the binding energy
decreased. Consequently, the increased electron density
around the oxygen atom decreased the proton dissociation
from the hydroxyl group, making it hard to break that bond
and link with zinc. Therefore, carboxylate ligands were identi-
fied as 1° metal acceptors. It was confirmed that complexes
are formed by the elimination of a proton (hydrogen) between
metals and carboxyl groups. To support the obtained results,
molecular docking was performed, which revealed significant
interactions between Zn** and specific amino acid residues of
the keratin protein, such as glutamine and serine. These inter-
actions support the XPS results. Notably, the docking data
showed a metal-acceptor bond formation between Zn** and
the carboxyl oxygen (OE2) of the protein (Glu418) (Fig. S6), and
the distances of interaction were found to be 2.43-5.54 A
between the docked protein and the zinc ion (Table S1). These
findings corroborate the proposed binding mechanism in
which Zn** primarily interacts with deprotonated carboxylic
acid groups, supporting the hypothesis of keratin-Zn>" com-
plexation at the molecular level.

The zeta potential measurement of feathers without ZNPs
and with the ZNPs shows the shift in the surface charge from a
strong negative potential to a weak negative potential (Fig. S7).
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This shift may be due to ionic bond formation between the
carboxylic groups and Zn>" ions in the ZNPs, which reduces
the negatively charged carboxyl ends. The FTIR spectra show
the coexistence of amide bands as well as bands for ZnO and
S-O stretching (Fig. S8). However, there is no change in the
amide bands compared to the feather fiber without ZNPs,
which negates any coordination with the amide. Comparison
of the Raman spectra of KPP and KZC samples shows no
change in the 500 cm™" and 1450 cm™" peaks corresponding
to S-S bonds and C-H bonds, which once again confirms the
chance of zinc binding to thiol or C-H bonds to be remote,
and is thus limited to the abundant -COO groups.>’

Physical nature of coating

Three different thicknesses of the urea pellet coating were
obtained using 3%, 6%, and 9% of coating content, denoted
as KZC1, KZC2, and KZC3 in the following text, respectively.
Coating thickness was determined from the SEM cross-sec-
tional micrograph image. With the increase in coating
content, the thickness was found to be ~43.9 pm, ~45 pm, and
~45.7 ym for KZC1, KZC2, and KZC3, respectively. Protein
coating without the nanoparticles, viz., KC alone, shows a
thickness of ~47.8 pm, but did not show adhesion, and was
therefore found to be unstable due to the absence of a struc-
ture-stabilising nano-filler (Fig. 4). The coating is expected to
give hydrophobicity and flexibility to enable controlled release
as well as stability during transport and storage. The impact of
thickness on the flexibility and hydrophobicity of protein coat-
ings without nano-filler (KC) and with nano-filler (KZC1,
KZC2, and KZC3) was compared. Flexibility was determined
using Young’s modulus calculated from the stress-strain curve
slope. Young’s modulus measurements revealed that the
initial incorporation of ZnO nanoparticles (KZC1) further
reduced the Young’s modulus from KC. This may be due to
two reasons: (i) additional structural changes, including a
decrease in p-sheet content and the appearance of random
coils, which likely resulted from the initial disruption of the
keratin structure upon the addition of the nanoparticles. (ii)
The initial incorporation of ZNPs at an overall lower concen-
tration might disrupt the inherent self-assembly. However, as

100pm

100um Lmin,_ 7 100um

Fig. 4 Cross-sectional SEM images showing the average thickness of
(ai), (aii) feather microfiber coated with urea as a control coating (KC),
and (bi), (bii); (ci), (cii); and (di), (dii) three different feather microfiber
zinc-coated urea samples with 3%, 6%, and 9% coating content (KZC1,
KZC2, and KZC3), respectively.
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the coating content (overall zinc concentration) increased in
KZC2 and KZC3, the effect of compaction related to the elas-
ticity of the material was found to be more prominent, leading
to the appearance of a more compact framework where the
nanoparticles act as effective nano-fillers within the polymer
framework and overpower the effect of structural alteration. In
these higher concentrations, the nano-fillers lead to an
increased Young’s modulus and thus complement the overall
structural integrity of the coating (Fig. 5a). The hydrophobicity
of the coating material was quantified using water contact
angle measurement, in which the KZC1, KZC2 and KZC3 coat-
ings show angles of ~121°, ~126° and ~134°, respectively,
whereas the coating without ZNPs (KC) shows a contact angle
of ~72° (Fig. 5b) and the water contact angle of the ZNP was
found to be ~80° (Fig. S9). The coating composite of feather
microfiber with ZNPs is proven to be hydrophobic as per the
standards, whereas the coating of the feather microfiber alone
could not match the same.”" This improvement in the hydro-
phobicity can be attributed to the compaction of the layer with
the nanoparticles as the nanofillers of the pores, and with the
tight binding of the functional groups on the feather. In con-
trast, KC is hydrophilic with a porous morphology that cannot
withstand water due to the presence of pores, which provide a
pathway for water penetration. Thus, the compact nature of
the material results in flexibility, hydrophobic properties, and
uniformity in coating, with an increase in these values pro-
portional to the amount of coating material used.

Stability of the coated urea

To guarantee that the coating is suitable for industrial pur-
poses such as storage and transportation, its stability must be
ensured against penetration, abrasion, and humidity. The
penetration study was carried out by placing the coated urea
under a 70 g plunger. None of the coatings had any discernible
penetration depth (~0.4-0.3 mm penetration observed in
KZC3, KZC2, and KZC1). This may be due to nanoscale dense
fillers, which improve the hardness. On the other hand, bare
urea pellets, further denoted as WC and KC, due to the
absence of coating and nano-fillers, respectively, show pene-
tration of up to ~0.6 mm (Fig. 6a). Consequently, the material
in KZC resists the penetrating force due to its relative compact-
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Fig. 5 (a) Young's modulus and (b) water contact angle with respective
angle photographs of feather microfiber coated with urea as a control
coating (KC) and three different feather microfiber zinc-coated urea
samples with 3%, 6%, and 9% coating content (KZC1, KZC2, and KZC3),
respectively.
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Fig. 6 (a) Penetration distance (inset showing the penetrometer), (b)
abrasion (%), and (c) water permeability (%) at different RH, and (d) swell-
ing ratio (%) of uncoated urea (WC), feather microfiber coated urea (KC),
and three different feather microfiber zinc-coated urea with 3%, 6%, and
9% coating content (KZC1, KZC2, and KZC3), respectively.

ness and elasticity, as measured by its Young’s modulus. The
abrasion resistance was measured by rotating coated and
uncoated urea in a drum with zirconium beads, followed by
gravimetric analysis at regular intervals after being sieved. The
abrasion percentages increased over time in KZC, KC, and WC
samples (Fig. 6b); at 40 minutes of abrasion time, the abrasion
percentage of KC appears higher than that of bare urea pellets
(WC). The KC initially provides a layer of coating, but it lacks
structural stability and proper adhesion without the reinfor-
cing effect of the ZNPs. Hence, the KC layer, although initially
present, is prone to delamination and disintegration under
abrasive stress, followed by urea fragmentation. The fragmen-
ted and less adherent KC material, once abraded, may contrib-
ute more to the measured “loss” than the control bare urea
(WC), where the loss is found to be only through urea fragmen-
tation. However, it was observed that KZC had negligible
abrasion in relative terms. Furthermore, an increase in the
coating material concentration did not have much effect on
the abrasion for KZC, which may be due to the involvement of
nano-fillers, because the control KC was susceptible to
abrasion.

To check the stability of the coated urea in water, per-
meability tests were carried out at different relative humidity
(RH). The coated and uncoated urea samples were kept at
different RH for 20 days, and a gravimetric analysis was per-
formed before and after exposure. At 40% RH, none of the
urea demonstrated any visible dissolution. With a further
increase in the humidity to 5%, the WC showed complete dis-
solution, but KC resisted the effect and resulted in 80% water
accumulation. In contrast, from 50%-70% RH, the water per-
meability of KZC was ~38%-50% (Fig. 6c¢). Notably, it was
observed that, at 80% RH incubation, the KZC-coated urea
samples retained the compact morphology visually (Fig. S10),
but were soft. This appears to be contradictory to the hydro-
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phobicity trend because, even with the enhanced hydrophobi-
city and compactness due to ZNPs, the feather microfiber
coating is still a biopolymer coating. Where the ZNPs reduce
initial water penetration and fill the pores,””> the remaining
pores, even if initially small, can eventually become saturated
at very high humidity (80% RH) over time. This water absorp-
tion, even if it does not lead to complete dissolution, causes
the biopolymer matrix to swell. This swelling (Fig. 6d), in turn,
can lead to a decrease in the polymer’s rigidity, resulting in a
“softening” effect.

The biodegradability of the feather microfiber is always a
major concern; hence, a soil burial test was conducted in
which the coating material was coated over a glass slide and
then kept under soil. The coating content was examined over
60 days, resulting in ~70% degradation (Fig. 7a). This could be
attributed to the pretreatment, involving dispersing the feath-
ers in dilute acid followed by microwave heating, which alters
their secondary structure with nano-fillers.

Release profile of the coated urea

Following the confirmation of the suitability of the coating
material for transport and storage, the release pattern was eval-
uated in water. To check the release, coated urea was incu-
bated in distilled water, then water samples were collected at
regular intervals to check the nitrogen release in the water by
the Kjeldahl method. The results confirmed the complete dis-
solution of WC without any hindrance. Similarly, KC, due to
sufficient water permeability, was not able to withstand for
long and dissolved in the water. In contrast, KZC exhibited
slow-release of the fertilizer, which may be due to the addition
of nanoscale dense fillers that increase compactness. In KZC
with different coating thicknesses, viz., KZC3, KZC2, and
KZC1, ~66%, 70%, and 84% release was observed after
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Fig. 7 (a) Biodegradation in terms of weight loss, (b) cumulative
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(WC), feather microfiber coated urea (KC), and three different feather
microfiber zinc-coated urea with 3%, 6%, and 9% coating content
(KZC1, KZC2, and KZC3), respectively.
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5 hours, respectively (Fig. 7b). This outcome indicates that
higher coating content may limit water penetration into the
fertilizer, which causes slow nutrient release from the pellets
of KZC2 and KZC3. Furthermore, to study the kinetics of the
release, four mathematical models were used (Table 2), and
the standard error of estimate (SER), diffusional exponent (R?),
and diffusional exponent (n) were calculated. The results
revealed that the Ritger-Peppas model best fits the release
mechanism with the highest R*> and lowest SER. The diffu-
sional constant was found to be less than 0.5, proving that
release follows a Fickian diffusion-controlled release that
depends on the swelling and dissolution of the polymer
matrix”>’* (Fig. S11 and Table S2). Additionally, this could be
linked to the softening and swelling of the coating material
over time, which facilitates the diffusion of urea through the
swollen polymer network. This facilitates protein degradation
due to pH elevation, caused by urea within the coating, acting
as a denaturing agent, leading to nitrogen and zinc release
from the structure. From the above studies, it is found that
KZC2 has a balance in the release, penetration resistance, and
biodegradability; hence, for further volatilization and crop pro-
duction evaluation, only this sample was taken forward and
denoted as KZC. Two major losses are reported for urea, listed
as leaching loss and volatilization loss. The release of nutrients
in the soil was tested using a leaching test, where the same
trend as the release study was observed with an extended dur-
ation. Thus, it was found that the leaching caused <15% loss
in KZC, which is significantly less compared with those of WC
and KC (~34% loss in KC, and ~53% loss in WC) (Fig. 7c).
This extension in the duration is obviously due to the sup-
plementary compaction given by the soil over the pellet and its
coatings; KC also exhibited limited loss, although it is not as
significant as the KZC samples. A volatilization loss study was
conducted by incubating the coated and uncoated urea in a
closed container for 24 hours at room temperature, and the
loss of ammonia was estimated at 150 °C and 50% relative
humidity using an ammonia gas sensor. This revealed that the
KZC sample had ~74% and ~67% less ammonia volatilization
compared to WC and KC, respectively (Fig. 7d).

Pot study

A pot experiment with rice crops (Fig. S12) was conducted to
check the effect of coated over uncoated urea on the growth of
the plants. Rice cultivation particularly requires standing water
during early growth stages. Therefore, a hydrophobic coating
is essential to prevent premature urea dissolution. From all the
above observations KZC2 stood up the best one for real time
experiment by eliminating the other formulations further,
denoted as KZC compared to WC. Pellets were applied as per
the treatments listed in Table 3. After application, the crop was
monitored until maturation, and the yield was calculated. It
was found that the coated urea increased grain yield over the
uncoated pellets by ~10% and ~15% in 2 and 3 splits of 100%
recommended dose of nitrogen (RDN), respectively. Similar
results viz., an increase in the yield of ~5% and ~8% was
observed in 2 and 3 splits, respectively, with 75% RDN
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(Fig. 8a). However, it was observed that 2 splits of 100% and
75% RDN had less impact on the yield. A possible reason
could be that reducing the number of applications of fertilizer
leads to heat shock in the root zone'® as reported for the appli-
cation of urea, causing a relative decrease in yield. A compre-
hensive assessment of crop growth was conducted by deter-
mining the total dry weight of the above-ground parts (leaves,
stems, and grains), known as biological yield. The biological
yield and harvest index were found to be correlated to the
grain yield, as depicted in Fig. S13a and S13b, respectively.
The N content was calculated in the (above-ground) vegetative
parts by the Kjeldahl method to understand the underlying
reasons. It was noticed that within both recommended doses,
after 60 days, the N content increased with increasing number
of splits, leading to a steady nitrogen availability, while in the
initial 30 days at a lower recommended dose (75%), there was
no such effect of reducing the number of splits (Fig. 8b). This
pattern shows similarity with the yield result, ie., nearly
similar increase in the yield with 75% RDN. A non-destructive
chlorophyll content measurement using a SPAD meter vali-
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dated the N content on the 30™ and 60™ days after transplant-
ing. It was observed that, after 60 days, there was an increase
in chlorophyll content with 3 splits, validating the N increase
and yield (Fig. 8c). Zinc, as a micronutrient for plants, plays a
critical role as a cofactor in physiological functions and also
affects the yield of the crops.*” As zinc forms part of the
coating framework, its content was determined by the wet-
digestion method. Zinc utilization efficiency (ZUE) results
showed better uptake of zinc with an increased number of
splits, confirming the simultaneous uptake of both N and Zn,
which can be another reason for the increase in yield. This
indicates that the level of ZNPs used in our coating material is
considered beneficial for plant growth and is not expected to
cause toxicity (Fig. 8d).

Life cycle assessment (LCA)

The LCA results revealed that KZC exhibits significantly less
environmental burden across all major impact categories com-
pared to both well-known sulfur- and polymer-coated urea’>”®
(Fig. 9 and Table S3). For global and marine ecotoxicity, the
KZC reduced emissions by up to 11 times, primarily due to its
minimal use of synthetic polymers and reliance on valorized
poultry feather waste. Ozone formation impacts were lowered
by 4-7 times, indicating improved air quality potential.
Human carcinogenic toxicity and freshwater ecotoxicity were
also remarkably lowered up to 11.9 and 9.7 times, respectively.
The greatest contrast was observed in terrestrial acidification,
where the KZC showed reductions of over 7700-13 800 times,
highlighting the benefit of eliminating high-sulfur coatings.
Although terrestrial ecotoxicity remained relatively high (41 kg
1,4-DCB eq), it was still found to be lower than that of sulfur
and polymer-coated urea by factors of 2.2 and 2.9, respectively,
suggesting improved but still impactful residue handling.
Finally, based on the life cycle impact assessment (LCIA) data,
it has been proven that the developed coating significantly
lowers the overall environmental impact, offering a promising
route to sustainable urea fertilizer solutions.

Conclusions

Earlier, fossil-fuel-based polymers were commonly used for fer-
tilizer coating due to their low cost and film-forming ability to
prevent dissolution. This study demonstrates a sustainable
biopolymer alternative, where, a fertilizer coating based on
waste feather microfibers is pursued without using any binder.
By employing mild heat, which causes a dense glassy state that
facilitates binding to the nanoparticles and eliminates the
need for expensive synthetic polymer binders. Thus, the
assembled feather-based microfiber coating was able to meet
industry requirements such as abrasion and humidity resis-
tance. Finally, the fertilizer also delivered a slow release of the
nutrient to the soil and increased the rice yield.
Biodegradation studies show the absence of remnants in the
soil for longer periods of time. However, in future field
studies, diverse irrigation regimes are necessary to comprehen-
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sively evaluate the long-term persistence and performance of
the coating. The use of waste protein after acid hydrolysis fol-
lowed by microwave-assisted thermal treatment represents a
significant step towards scalability, since domestic microwaves
can be replaced with industrial microwave systems. The rapid
and volumetric heating capability of microwaves can signifi-
cantly reduce processing time compared to lab-limited pro-
cedures. However, variations in the feather source or large-
scale ZnO synthesis and dispersion could influence coating
consistency. Quality control measures during scale-up would
be crucial to mitigate such variation. The use of waste feather
biopolymers and the binder-free approach inherently suggest
the cost-effective and environmentally friendly nature of the
process, since the given treatments shorten the active proces-
sing time compared to traditional methods that can require
toxic chemicals such as 2-mercaptoethanol and t-cysteine.
This contributes an industrial-friendly step of the proposed
coating by reducing the hazardous wastes, associated disposal
costs and lowering the environmental burden compared with
the marketed polymer and sulphur-coated fertilizers, offering
a promising way towards sustainable urea fertilizer solutions.
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