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Enhancing the delivery efficiency of NPK fertilizers benefits both crops and the environment through

moderating the supplied dosage of nutrients in the soil, avoiding side reactions, maximizing absorption by

the plant, and minimizing leaching and runoff. Bio-based materials such as cellulose are ideal scaffolds for

nutrient delivery due to their inherent biocompatibility, biodegradability, and significant water uptake. In this

work, nanocellulose-based hydrogels were regenerated from mixed softwood in acidic media and loaded

with NPK by immersion in varied concentrations of an NPK-rich fertilizer solution. High loading of NPK was

achieved within the hydrogel, but immersion in the matrix provided only slight slowing of nutrient release

compared to rapid solubility of conventional formulations. Densification, crosslinking, and coating of the

hydrogels with beeswax were ineffective strategies to further slow NPK release. Following these results,

both gas and solution-phase esterification reactions of the cellulosic matrix with hexanoyl chloride were

performed after NPK loading to introduce a hydrophobic surface layer. While solution-phase modification

led to phosphorus leaching and was overall ineffective in altering nutrient release, the gas-phase

modification slowed the release of P and K by more than an order of magnitude. Moreover, it was found

that varying both the properties of the hydrophobic surface layer and the nutrient loading provide a means

to tune release rates. Overall, this work demonstrates the potential of nanocellulose-based hydrogels to be

used as an environmentally safe and sustainable vehicle for the controlled release of nutrients in

agricultural applications.

Introduction

By the year 2050, the global population is predicted to exceed
9 billion people, making maintaining global food security
one of the most significant challenges facing society.
Fertilization is a crucial agricultural step as it allows for
maintenance of soil fertility, thereby increasing yields and
improving quality of crops. In turn, these improvements have
allowed for population growth and economic development
globally.1,2 One major agricultural challenge is the significant
inefficiency of current agrochemical delivery. Currently, the
efficiency of delivery and uptake of many agrochemicals is as
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Environmental significance

Systematic overapplication of fertilizers, due to a general inability to control nutrient release kinetics, causes runoff, leaching, and eutrophication which
harm vulnerable ecosystems in addition to wasting resources. Although slow-release fertilizers that mitigate these outcomes have been developed using
synthetic polymers, they are typically not tunable, biocompatible, or biodegradable. To address these issues and make use of an earth-abundant natural
resource, a nanocellulose-based controlled release enhanced efficiency fertilizer (EEF) has been developed which allows for multiple unrefined feedstocks,
with great potential for reducing the environmental impacts of using nanocellulose. Here, the release profile of NPK is modified by facile chemical
modification of nanocellulose prills, highlighting the promise of such systems to slow the release of agrochemicals and tune release kinetics.
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low as 10–20%,3 which necessitates application of large
amounts of agrochemicals as well as continuous
reapplication. This overuse of fertilizers, in addition to varied
nutrient requirements by crop and throughout the growth
cycle, increases nutrient loss through volatilization, fixation,
precipitation, and leaching of nutrients from the soil into the
environment.2,4 These losses provoke eutrophication in lakes
and other estuarine ecosystems, while volatilization of
nutrients leads to accumulation of greenhouse gases such as
ammonia and nitrous oxide.5,6 Collectively, improper and
inefficient fertilization strategies affect both environmental
quality and quality of life. These pressures necessitate the
development of more ecofriendly and efficient fertilizers.5,7

To mitigate fertilizer-induced pollution, new systems have
been developed which control the release of nutrients.8 Such
systems are commonly called enhanced efficiency fertilizers,
or EEFs.7,9 These fertilizers aim to contain the nutrients in
some manner and reduce their dissolution rates into the
environment.9 There are multiple approaches to achieve this;
the first involves coating conventional fertilizer materials,
such as urea, with hydrophobic polymers to reduce
solubility.10 The second approach utilizes materials that are
inherently slow to solubilize in aqueous systems, such as
urea–aldehyde condensates.11 A third, less-explored approach
involves using water-soluble polymers as either coatings or
carrier matrices for these nutrients.8 These polymers can be
further modified by surface densification, crosslinking, and
the addition of ligands to reduce the number of hydrophilic
active sites.12,13

Most applied fertilizers are underutilized by plants, as
losses are common due to side processes.10,14 Specifically,
NPK-based fertilizers are commonly water soluble, which
results in rapid nutrient leaching with precipitation and
irrigation. Thus, increasing the hydrophobicity of such
fertilizers with coatings allows for longer residence times in
soils, minimizing the need for reapplication.7 In this way,
EEFs have proven effective in reducing both the amount of
fertilizer needed and the burden of continuous
reapplication as retention times in soil are increased.15

Nevertheless, most common EEF materials still generate
environmental pollutants as byproducts.16 For example,
many conventional coating methods utilize fossil-based
materials, like polyethylene, to increase hydrophobicity and
soil retention time.17 Once the polymer degrades and the
fertilizer is released, the residual polyethylene will remain
in the environment and generate microplastics.17,18

Moreover, in 2020 the worldwide demand for NPK
fertilizers was 194.8 million metric tons (Mt),19 with around
5% of those fertilizers being composed of microplastic-
generating materials.17 Thus, NPK fertilization introduced
9.74 Mt of material to the environment in that year alone
which will ultimately degrade into microplastics. Further,
experts estimate that the annual requirement for NPK
fertilizers will rise above 324 Mt by the year 2050,20 with
the potential to result in the release of 16.2 Mt of
microplastics annually.

To avoid release and accumulation of microplastics in soil
and aqueous environments, there is a clear need to explore
environmentally-friendly biopolymer alternatives. Looking
among sustainable biopolymers, cellulose is an intuitive
candidate due to its ubiquity, known extraction and
separation processes, and well-established global market.
Additionally, there are many well understood processing
methods for cellulose that allow control over its structural
form. These processing methods enable formation of
coatings,21 films,22 gels,23 or foams.24 This versatility enables
selection of the form best suited to carry, retain, and release
NPK fertilizers.

Most commonly, researchers have found that
microparticulate hydrogel beads are ideal for releasing active
ingredients as this geometry allows for a superior diffusion
profile in both loading and release steps. Additionally,
spherical-shaped particles promote intermediate processing
steps, such as mixing and drying, which facilitate their large
scale production.25–28 These beads can be regenerated from
natural cellulose sources through solubilization in cold
alkaline sodium hydroxide and urea solutions followed by
formation in acidic media.29,30 This method has been shown
to produce low density nanocellulose-based beads with a
high water content that can be exchanged with other
solutions, thereby trapping the molecules within the
cellulosic matrix.31 These superabsorbent hydrogel beads
have been explored as packaging materials,29,32 drug
carriers,30,33 antimicrobial and water treatment scaffolds,34,35

and cell carriers.36 For the majority of these applications, the
regenerated beads must be further washed to remove
residual urea, nitrates, and nitric acid. However, in utilizing
this processing method to encapsulate NPK fertilizers, these
residues could act as an additional nitrogen source, removing
the need for additional washing steps in the manufacturing
process.

In addition to the application of coatings and chemical
transformations such as cross-linking, the glucose subunits
of cellulosic particles can be modified in multiple ways by
reactions involving the hydroxyl groups.37,38 Several new
chemistries can be introduced in this way, including sulfates,
carbonyls, silanes, alkynes, and aldehydes, as well as cationic
and anionic groups.37–39 Most often, these modifications
introduce hydrophobicity, as they replace the hydrophilic
hydroxyl groups with more hydrophobic moieties.40 In
extended release applications, these kinds of hydrophobic
modifications have been shown to alter release in a
controllable manner. For example, esterification of chitosan-
based hydrogels with long chain fatty acids extends the
release of acetaminophen. Moreover, the release rates were
slowed as the extent of chitosan modification increased.41

Similarly, an acetate-modified cellulose matrix extended the
release of thymol over the course of days, with release
kinetics dependent on loading of the analyte cargo and the
media into which it was released.42 These effects are
explained by changes to the pore structure and the
crystallinity of the modified products.
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There is a strong need to develop EEFs with tunable
release kinetics constructed from naturally occurring, and
sustainable materials. Motivated by this need, this work
explores nanocellulose-based hydrogels as a carrier for NPK
fertilizers. To further modify the cellulose matrix,
crosslinking and coating methods were evaluated in addition
to esterification in gaseous and solution phases. The EEF
capacity of these materials was evaluated by aqueous release
and monitored by Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES).

Materials and methods
Materials

Bleached cellulose nanofibrils (2.76 wt%, pH 6.3) (CNFs) were
produced at the Sustainable Bio-Based Materials Lab at
Auburn University from bleached pulp generated from mixed
softwood, provided by a North American papermill. A soluble
fertilizer (20, 20, 20, Nutriculture) was purchased from Plant
Marvel (Chicago Heights, Illinois, US) and used as received.
The safety data sheet provides the following concentration
ranges for the fertilizer composition: 26–32% potassium
nitrate, 26–32% urea, 15–20% monoammonium phosphate,
15–20% monopotassium phosphate. Nitric acid (ACS reagent
grade) was purchased from Pharmco-Aaper (Mississauga,
Ontario, Canada). Crystalized urea and acetone (99.5% purity)
were purchased from VWR (Radnor, Pennsylvania, US). NaOH
pearls (97% purity) were purchased from Alfa Aesar (Ward
Hill, Massachusetts, US). Beeswax (bleached), maleic
anhydride, and hexanoyl chloride (97% purity) were
purchased from Sigma Aldrich (St. Louis, Missouri, US) and
used as received. Unless specified, all weight measurements
in this paper are expressed on an oven-dry basis.

Preparation of cellulose nanofibrils

Cellulose nanofibrils (CNFs) were prepared as described
previously.43 Briefly, a cellulose pulp suspension was
prepared at 2 wt% and washed with consecutive acidic and
alkaline steps to eliminate the residual impurities of the
pulping process. Thereafter, the pulp was neutralized and
processed in a Masuko Super Mass Colloider (MKZA-10-15J)
with 20 passes. The resulting suspension had a 2.8 wt%
consistency from triplicate gravimetry measurements; pH was
similarly measured in triplicate with a consistent value of 6.3.

Formation of the nanocellulose-based hydrogel beads

The formation of the hydrogel beads was done by adapting
the process previously described.31 In brief, the produced
suspension was diluted to 1.4 wt%. Sodium hydroxide (12
wt%) and urea (7 wt%) were then added to the solution while
the temperature was lowered to −10 °C. Once homogenized,
the solution was added dropwise (roughly 83 μL with a 22 g
needle44) into a volumetric cylinder containing 35 mL of a 2
M nitric acid solution and left to coagulate for 10 min. For
washing of control samples, the residues remaining inside

the bead were eliminated through multiple solvent exchanges
with ultrapure water using a 50 μm cell strainer (VWR). This
process was repeated until conductivity values matched those
for pure water.

Loading of the hydrogel beads with NPK fertilizer

Two methods for saturation were tested. First, pre-formed
hydrogel beads (around 500 mg) were placed into 10 mL
aliquots containing either 18 or 36 wt% NPK solution and left
to soak for 72 hours for complete saturation. As the solubility
of NPK salts can be increased by increasing solution
temperature, a super-saturated solution was prepared by
using 36 g of fertilizer added to 50 mL of ultrapure water at
75 °C, which was left stirring softly until solubilized. Then,
2.5 g of hydrogel beads were immersed into the hot solution
and the temperature and stirring conditions were maintained
for 2 hours. Once loaded, the hydrogel beads were dried in a
convection oven at 35 °C overnight.

Modification strategies

Spray coating with beeswax. To form a waxy surface layer,
a 2 wt% solution of beeswax in acetone was prepared and
sprayed onto dried NPK-embedded beads using an airbrush
(MP2900, Campbell Hausfeld). The beads were placed inside
a centrifuge tube, covered with a 0.45 μm mesh, and inverted
for spraying. The tube was agitated continuously while
spraying for 1 minute through the mesh. The tubes were then
left open to allow residual acetone to dry.

Densification with maleic anhydride. An adapted
densification method was used based on previous reports.45

Briefly, dried CNF hydrogel beads were baked at 80 °C in a
hermetic forced convection oven. The dry beads were first
scattered on an aluminum tray (12 cm diameter, VWR). A
smaller crinkled aluminum tray (1.3 mm) containing 2 mg of
maleic anhydride and a few drops of HCl was then added to
the larger tray. After 2 hours, the temperature was increased
to 120 °C and the reaction allowed to proceed for 30 minutes
at this elevated temperature.

Gas-phase esterification. To introduce hydrophobic groups
to the CNF beads, gas phase esterification was performed.46

Fig. 1 shows the modification to the monomeric structure
upon esterification.

Briefly, 0.5 mL of hexanoyl chloride was added to the
bottom of a custom-designed Schlenk line vessel, and 75 mg
of NPK-CNFs were loaded into a separate suspended

Fig. 1 A reaction scheme showing modification of a nanocellulose
hydrogel, resulting in formation of an esterified, hydrophobic shell.

Environmental Science: Nano Paper
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compartment (see Fig. S1† for a graphic of the custom-
designed vessel). The bottom of the vessel was then
submerged in liquid nitrogen to quickly freeze the hexanoyl
chloride, followed by brief evacuation of the vessel for
approximately a minute to achieve a low pressure between 10
and 50 mTorr. The vessel was then sealed to allow the
hexanoyl chloride to warm and sublimate, esterifying the
surface hydroxyl groups on the CNF bead over time as shown
in Fig. 1. To stop the reaction after the desired time, the
vessel was re-opened to air. The esterified NPK-CNFs were
then placed in a new vessel without hexanoyl chloride and
evacuated to remove any remaining unreacted reagent.

Solution-phase esterification. As an alternative
esterification strategy, NPK-loaded CNF beads were also
esterified in solution. Briefly, 75 mg of NPK-CNFs were
submerged in 5 mL of hexanoyl chloride in a 10 mL beaker.
The beads were allowed to sit in solution for 72 hours before
filtering to remove excess hexanoyl chloride. The beads were
washed 3 times with approximately 20 mL of diethyl ether
before leaving to dry at room temperature for at least 24
hours.

Characterization techniques

Dry content. The nanocellulose-based hydrogel beads were
weighed before and after NPK loading in aluminum pans
(masswet) and dried in an oven at varied temperatures to
remove moisture and allow the dry mass (massdry) to be
determined. The unloaded hydrogels were dried at 105 °C,
densified beads were baked at 80 °C, and NPK-embedded
beads were dried at 35 °C. The moisture content (MC) was
calculated according to eqn (1).

MC% ¼ masswet −massdry
masswet

× 100% (1)

All measurements were performed in triplicate, and an
average value was calculated. The percentage of solid content
was determined as the difference between the total mass
(100%) and MC%. Meanwhile, the amount of fertilizer
present was calculated by the difference between the dry
mass obtained without the salts and the dry mass obtained
in the presence of the salts.

Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR). The dried samples were analyzed
using a Nicolet iS5 FT-IR spectrometer with a Thermo Fisher
iD5 ATR accessory using a diamond crystal. The spectra were
collected with 32 scans and 2 cm−1 of resolution. Baseline
correction was performed using OMNIC software, and
normalization was performed manually using Excel.

Scanning Electron Microscopy (SEM). Freeze-dried
samples were placed onto aluminum studs before being
sputtered with gold in an EMS 550X Sputter Coating Device
from Science Services (Munich, Germany). After coating, the
samples were imaged in a Zeiss Evo 50VP scanning electron
microscope (Oberkochen, Germany).

X-Ray Photoelectron Spectroscopy (XPS). To characterize
the bead surfaces, survey and detailed XPS spectra were

collected with a PHI 5600 XPS using a Mg Kα flood source
(1253.6 eV photon energy) at a 54° take-off angle. Survey
spectra were taken at a pass energy of 187.85 eV with a
resolution of 1.6 eV per step with 5 sweeps per spectrum.
Detailed scans of the C 1s/K 2p, O 1s, N 1s, and P 2p regions
were taken for all samples at a pass energy of 23.5 eV, 0.025
eV per step resolution, and 10 sweeps per spectrum.
Elemental compositions were determined using CASA XPS
software and converted to weight percentages using Excel.

Elemental Analysis (EA). To obtain chemical information
on the bulk composition of the beads, CNF samples
embedded with varied loadings of NPK fertilizer were sent to
Midwest Microlab (Indianapolis, IN) for elemental analysis.
All samples were analyzed for CHN (carbon, hydrogen, and
nitrogen) as well as phosphorus. Oxygen content could not
be determined for these samples due to interferences from
phosphorus, and potassium content cannot be measured by
EA.

Timed release testing of phosphorus and potassium in water

The release of P and K from esterified and unmodified NPK-
loaded CNF beads were analyzed by ICP-OES (Thermo
Scientific, iCAP 6000 series spectrometer) to determine
elemental phosphorus and potassium. The ICP-OES was
calibrated with the method blank of 2% nitric acid and 0.1
ppm, 1 ppm, and 10 ppm standard solutions (quality control
standard 7 and 21, SPEX CertiPrep, Metuchen, NJ, USA). Ten
ppm yttrium was used as an internal standard. Calibration
verification was maintained throughout analysis after every
15 samples. While ICP-OES is not equipped to detect
nitrogen due to weak emission lines, previous studies have
shown that the release of various nitrogen-containing
nutrients follow closely with the release of potassium and
phosphorus-containing nutrients.47,48

For release experiments, 19 mg of NPK-loaded beads were
placed in 20 mL of MilliQ water. Aliquots of water (2 mL)
were taken from these solutions at specific times and diluted
to 5 mL with MilliQ water. Immediately following the removal
of these 2 mL aliquots, a 2 mL aliquot of MilliQ water was
added to maintain a constant volume. This procedure was
repeated for all timepoints. Each sample was then acidified
(5%) with 70% nitric acid and subsequently analyzed for P
and K content by ICP-OES. All P and K concentrations were
adjusted to reflect the dilution that occurred between
subsequent samples, with each sequential sample having a
dilution factor of 20/18 to account for the addition of 2 mL of
MilliQ water. All control samples were released in triplicate;
however, due to low sample availability, replicates were not
taken for modified samples. Throughout the release, the
hydrogel beads sink in water, such that no beads are taken
up during aliquot collection and the bead remains
submerged throughout the release profile. Since all of the
nutrients were found to release over the relevant
experimental timescales (SEM-EDS data shown in the ESI†),
raw data in mg L−1 could be converted to percentage of
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nutrient released based on the observed maximum
concentrations for P and K per sample.

Results and discussion
Formation of cellulose hydrogel beads and loading capacity

The cellulosic hydrogel beads were found to have a solid
content of 2.2 ± 0.4% and a size of 2.8 ± 0.2 mm, similar to
other reported studies.31 The low solid content in the beads
suggests that when highly ionic NPK solutions are exchanged
for the liquid inside, the driving mechanism will be the
osmotic pressure, with the absorption and water retention in
the bead structure resulting from the ionic nature of the salts
contained in the fertilizer media.49 As such, a soluble salt-
based fertilizer will be the ideal cargo to be carried by these
cellulosic hydrogels.

To assess the loading capacity of the hydrogels (Fig. S1†),
completely washed beads were placed into saturated
solutions of the soluble NPK fertilizer and allowed to sorb for
72 hours before the solution was diluted to concentrations
between 10 and 360 g L−1. As a function of NPK
concentration, the increase in adsorption capacity (as
determined by the bead's mass gain) was roughly linear, with
two distinct slopes observed. At relatively low fertilizer
concentrations (less than 100 mg L−1), a relatively modest
increase in adsorption capacity was observed and is
attributed to adsorption of the fertilizer ions and salts to the
surface of the exposed nanocellulose.50 At higher fertilizer
concentrations, the second slope is guided by a more rapid
increase in adsorption capacity which likely corresponds to
the absorption of the ions into the interior of the hydrogel.

After these initial studies to estimate loading capacity, any
further washing of the beads was avoided to ensure retention
of the residual nitrogen-containing compounds which serve
as an additional source of nitrogen. Without washing, it was
observed that over 71 wt% of the dry unwashed solid content
of the beads was composed of these urea and nitric acid

residues. When these unwashed beads were placed into
solutions of the solubilized NPK fertilizer, the solid
percentage of fertilizer decreased at lower NPK
concentrations (Fig. 2, Table S1†). The rationale for this
behavior lies in relative concentration of ions embedded
inside the beads compared to the ion concentration in the
solution. As has been observed previously, the concentration
of ions determines the mass flow.49 Since the urea and
sodium concentrations in the cellulose solution were 7 and
12 wt%, respectively, the beads immersed in NPK solutions
below 18% lost some of the solids that were initially retained.
For higher concentrations of NPK, including the super-
saturated solution, the mass flow favors ion incorporation of
NPK into the beads and as a result the percentage fertilizer
loaded is competitive with concentrations found in other
commercial coated EEFs.17

To better understand the changes that occurred upon
bead formation and loading of the NPK, ATR-FTIR spectra
were obtained of fully washed beads (urea and nitrate
eliminated), the unloaded unwashed control beads, and the
36% NPK-loaded control beads (Fig. 3).

As suspected, the fully washed beads present the spectrum
of regenerated cellulose II in the absence of any other
spectral features due to the mercerization process.51,52 In
addition to the expected cellulose bands, the unwashed
control beads display bands at 1624 and 1668 cm−1,
supporting the significant increase in solid content
associated with urea.53 Additional bands can be assigned to
intermediate states of nitrocellulose, which are expected
under nitrate-reducing conditions.54 Specifically, the bands
above 1600 cm−1 and 800 cm−1 correspond to residual nitrate
from the nitric acid, while the weak bands between 2300 and
2400 cm−1 correspond to background CO2 asymmetric
stretching.55 Once these unwashed control beads were loaded
with NPK fertilizers, a broadening of the N–H and O–H
bands was observed, as well as the appearance of broad
bands between 1300–1450 cm−1 and 1500–1700 cm−1. These

Fig. 2 Percentage of (oven-dried) bead's total dry weight comprised
of fertilizer: unwashed beads (containing residual nitrates and urea)
and beads that were loaded by immersion into solutions with different
fertilizer concentrations (1, 5, 9, 18, 36 wt%) and a super-saturated
solution (72 wt% at 75 °C).

Fig. 3 ATR-FTIR spectra for unloaded, washed (nitrate and urea
eliminated) control beads, unloaded control beads, 36% NPK-loaded
control beads, and urea. Areas of interest are shaded.
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bands correspond to the amines and nitrates contained in
the commercial fertilizer.

SEM images were obtained to determine the
morphological changes in the beads caused by the
introduction of the urea and the NPK salts (Fig. 4). These
revealed that the washed control beads were approximately
spherical with a radius of several hundred microns and
exhibited a smooth surface with clear hornification of the
cellulosic fibers (insert to Fig. 4a). The unloaded and
unmodified control bead (Fig. 4b) presented crystals on the
surface that can be linked to the residual urea and alkali
from the dissolving process. Likewise, the surface had more
rugosity as the fibers were not able to conglomerate freely.

SEM also shows clear crystals on the surface of the NPK
loaded CNF beads with several protuberances created by salt
recrystallization.

To better understand the distribution of NPK fertilizer
components throughout the bead, a combination of surface-
sensitive XPS and bulk elemental analysis was used. Fig. 5,
below, shows detailed XPS scans of the O 1s, N 1s, K 2p, C 1s,
and P 2p regions for all loading percentages of NPK. Survey
scans from 0 to 1100 eV can be found in the ESI† (Fig. S7).

For comparison, the C, H, N, and P elemental analysis for
the same set of samples are shown below in Table 1,
compared with the surface-sensitive values determined by
XPS.

Fig. 4 SEM images of control, unmodified CNFs: (a) washed control bead with insert showing a whole dry bead with an approximate size of 1 mm
(the scale bar for the insert is 500 μm), (b) unwashed control, and (c) 36% NPK-loaded control bead.

Fig. 5 Detailed XPS scans of variously-loaded NPK-CNFs: a) O 1s, b) N 1s, c) K 2p and C 1s, and d) P 2p regions. Spectra were normalized based
on the intensity of the O 1s peak, and binding energies were calibrated based on the nitrate NO3

− peak at 408.1 eV.56

Environmental Science: NanoPaper
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Comparing these XPS and EA results provides insights
into the nutrient distribution throughout the beads. Despite
the inability to compare the levels of oxygen at the surface to
the overall oxygen content, there is a significantly higher
percentage of carbon at the bead surface than would be
anticipated on the basis of the bead's overall chemical
composition. Since the carbon atoms are primarily associated
with the cellulosic backbone, this distribution indicates that
there is certainly no preference for NPK accumulation at the
surface and suggests a preference for NPK encapsulation
within the beads. This assertion is also supported by the
smaller nitrogen and potassium concentrations at the surface
than would have been expected on the basis of overall
composition (Table 1).

Looking to the XPS data for surface characterization, the
higher amount of nitrogen present in the unloaded (0%)
beads relative to any of the NPK-loaded samples supports the
presence of crystalline urea on the bead surface, corroborated
by SEM images (Fig. 4b). Amongst the NPK-loaded samples,
the nutrient concentrations show the expected increase
moving from 18 to 72% loading, assuming that the overall
potassium loading follows the trends of nitrogen and
phosphorus. However, the lowest concentrations of NPK
components at the surface are observed at 36% loading;
conversely, the 36% sample has the highest bulk
concentration of nitrogen and potassium. These higher bulk
and lower surface nutrient concentrations observed for 36%
loaded NPK-CNFs suggest superior nutrient encapsulation at
this loading percentage, when compared with 18 and 72%
loading. More generally, these results suggest that the relative
distribution of NPK nutrients at the surface compared to the
interior may be sensitive to nutrient loading.

Esterification of NPK-CNF beads

ATR-FTIR spectra were also collected for CNF-based beads
after gas phase esterification with hexanoyl chloride at each
NPK loading percentage. Fig. 6 shows the 36% NPK-CNFs
after esterification; ATR spectra for the other NPK loadings
can be found in the ESI† (Fig. S3).

Compared with the unmodified cellulosic hydrogels, the
functionalized particles show some additional bands
superimposed on those associated with NPK nutrients and
residual urea. For example, there is a notable increase in the
C–H stretching region (2800–3000 cm−1), consistent with the

addition of the alkyl chain associated with the esterification
process (see Fig. 1). Esterification is also suggested by the
increased intensity of bands in the 1600–1700 cm−1 region,
representing the introduction of carbonyl species. In addition
to other new bands in the fingerprint region, all these
spectral changes to the IR are consistent with modifications
to the cellulose backbone expected from esterification, as
shown in Fig. 1, although more detailed analysis is made
difficult by the broad spectral features associated with the
NPK nutrients and residual urea.

SEM images (Fig. 7) indicate that when unloaded beads
were esterified, large crystals were formed on the bead
exterior, indicating an additional sedimented layer of
hydrophobicity produced on the surfaces due to saturation
after the gas phase deposition. This new crystalline layer was
also observed in the NPK-loaded and esterified sample;
however, the more crystal-like structures created by NPK salts
were retained upon esterification and expanded, suggesting
that the new esterified layer was formed homogenously on
the surface.

Characterization of materials after release

ATR-FTIR spectra were collected for unmodified and
modified NPK-CNFs after all nutrients had been released

Table 1 A comparison between the weight percentage of various elements at the surface of CNF beads (determined by XPS) and the overall elemental
composition of the beads (determined by elemental analysis). It should be noted that the measurement of oxygen by elemental analysis was not possible
due to phosphorus interference

Sample

Surface (XPS) Overall (elemental analysis)

C (wt%) O (wt%) N (wt%) P (wt%) K (wt%) C (wt%) H (wt%) N (wt%) P (wt%)

0% 36.7 40.0 11.7 0.43 0.0 18.7 3.9 19.2 0.0
18% 30.7 37.0 8.5 3.8 18.8 17.4 4.3 14.9 10.9
36% 39.1 31.3 8.2 2.6 9.2 12.5 3.7 19.8 27.0
72% 24.1 35.8 9.6 4.8 24.7 15.7 4.1 15.2 12.0

Fig. 6 ATR-FTIR spectra of gas-phase (GP) modified (reacted for 4
weeks) CNF beads: unloaded and unwashed (top) and 36% NPK-CNF
beads (bottom), plotted in terms of transmittance. Areas of interest are
shaded.
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through immersion in water, and the residual solid material
was extracted by subsequent freeze-drying. These spectra are
shown below in Fig. 8 for 36% NPK-CNFs. ATR-FTIR spectra
for CNFs initially loaded with different NPK percentages can
be found in the ESI† (Fig. S8).

Following removal of NPK bands as a consequence of their
release, the nanocellulose matrix structure can be clearly
discerned with broad N–H and O–H stretching bands from
3600–3100 cm−1, C–H sp2 and sp3 bands from 3000–2850
cm−1, and characteristic broad C–O stretches from 1200–1000
cm−1.57 The small band at 1650 cm−1 can be attributed to
adsorbed water, commonly observed in cellulose and similar
materials. In contrast, CNFs modified by esterification
display a significant increase in C–H stretching that was
visible in Fig. 6, in addition to the new carbonyl stretch
associated with esterification now clearly evident at 1740
cm−1. This CO band is distinct from that of hexanoyl
chloride, which occurs at 1710 cm−1.58 The significant
reduction in O–H stretching (3600–3100 cm−1) along with the
intense CO band indicate a high degree of esterification.

The lack of any other spectral features in the modified NPK-
CNFs after immersion in water provides strong support for
the idea that all of the NPK nutrients have leached from the
matrix and that functionalization (Fig. 1) does not cause any
unwanted side reactions with the NPK that precludes their
release.

SEM images (Fig. 9) show the gas-phase esterified
unloaded and 36% NPK-loaded CNFs after release. For these
samples, the surface looked similar to the modified control
absent the excess crystal-like structures, which provides
further confirmation that some of these crystals resulted
from esterification. Larger porosity was also observed in the
loaded beads, but no NPK salts can be seen, confirming the
release of the NPK fertilizer.

Phosphorus and potassium release kinetics and the influence
of surface modification

Release tests were performed with the as-prepared loaded
fertilizer beads before any modification using the change of
water conductivity as the indicator of ion release. This
method is described further in the ESI.† It was found that ion
release was completed over the course of 30 minutes; absent
of the nanocellulose matrix, these nutrients are soluble in
water, resulting in immediate release. The slower release
kinetics are most likely driven by the osmotic pressure of the
cellulosic network that dictated the release profile of
nutrients from the fertilizer beads.49 Despite the relatively
rapid release of ions from the unmodified CNF beads, a
notable relative difference in release rates was observed
depending on the initial concentration of NPK loading.
Specifically, the beads immersed in the 36% NPK solution
resulted in the slowest release (Fig. S10†).

CNF hydrogels after NPK release were also analyzed by
SEM-EDS, to determine if residual nutrients remained (see
ESI† for experimental details and Fig. S9† for results). These
spectra support complete release of NPK from the hydrogel
matrix, with only trace impurities present.

Fig. 7 SEM images of the gas-phase esterified CNF beads: (a) unwashed 0% and (b) 36% NPK-loaded.

Fig. 8 ATR-FTIR spectra of unmodified and gas-phase (GP) hexanoyl-
modified NPK-CNFs at 36% NPK loading, after complete aqueous
release of nutrients. Areas of interest are shaded.
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Unfortunately, the release profile was not sufficiently
improved to be competitive with commercial coated urea,
which can extend the release of fertilizers over several days to
weeks.10,14 Despite this, it should be noted that the method
described herein of hydrogel formation and NPK saturation
generates high loading of nutrients of up to 95.5 wt%, which
will enable high localized delivery while minimizing the
amount of nanocellulose matrix needed. Further, this
method is unique in its retention of residual nitrogen from
the bead formation media. This provides additional nitrogen
sources to the plant, utilizing what might otherwise be
considered a waste product as a fertilizer amendment.
Indeed, these forms of residual nitrogen present in the bead
(urea and nitrates), are bioavailable to plants,59 and the
loading of nitrogen is relatively high (71.8 wt%). As such, the
unwashed hydrogels themselves even before NPK fertilizer is

embedded could be treated as a nitrogen-only fertilizer or soil
amendment. Since plants typically require more nitrogen
than potassium and phosphorus,60 there is a need for such
nitrogen-exclusive systems. Thus, this method has the
potential to use residual contaminants, which would
otherwise be disposed of, as a bioavailable form of nutrients.

To tune release, the CNF hydrogels were further modified
by densification with maleic anhydride and coating with
beeswax. ATR-FTIR spectra (Fig. S4†) and SEM images of the
modified unloaded CNFs (Fig. S5†) and 36% NPK CNFs (Fig.
S6†) were taken to corroborate the modifications. These
spectra supported successful modification of the native
cellulose structure as intended. Using the same conductivity-
based approach for the unmodified CNFs, NPK release rates
in water were measured by monitoring changes in
conductivity in ultrapure water (see Fig. S11†). However,

Fig. 9 SEM images of CNF hydrogels after release of nutrients: (a) GP-4week modified control and (b) GP-4week modified 36% NPK bead.

Fig. 10 Scaled ICP-OES data showing the release of potassium (left, a) and phosphorus (right, b), for unmodified and gas-phase modified (denoted
GP) samples at loadings of 18, 36, and 72% NPK, plotted in terms of percent release, for the first 4 hours. Error bars are shown for all unmodified
samples.
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these results revealed that ion release was again complete
after approximately 30 minutes for each of the modified
CNFs, comparable to results obtained with hydrogels absent
modification. Although these modifications resulted in
extension of ion release of about 1 minute past the initial 30
minutes achieved with unmodified samples (Fig. S10†), this
does not represent a significant improvement. As these
modifications had minimal effect on nutrient release, it is
likely that full surface coverage was not achieved, thereby
leaving dissolution channels open for rapid nutrient release.

In another approach to slow the NPK release kinetics, CNF
beads were passively esterified with hexanoyl chloride for 4
weeks. The potassium and phosphorus release profiles for
unmodified and gas-phase (GP) esterified NPK-CNFs were
determined by ICP-OES and are shown in Fig. 10. For
esterified hydrogels, release measurements were taken for up
to 72 hours, resulting in complete release of NPK from the
matrix. Complete release profiles can be found in the ESI†
(Fig. S12).

After esterification, the nutrient release rates decreased
significantly, with the changes in phosphorus and potassium
release kinetics mirroring one another. While the un-
esterified matrix released all nutrients within 30 minutes, the
esterified samples had released between 16 and 40% of NPK
by this time. This slowed release is likely a result of the
introduction of a hydrophobic barrier at the microparticle
surface, which prevents rapid dissolution of NPK from the
interior.

In addition to the effect of the hydrophobic shell, the rate
of nutrient release after esterification was also found to be
somewhat dependent on the initial loading of NPK,
analogous to the data obtained for unmodified CNFs. Fig. 10
shows that the initial release rates of the 72% and 18% NPK
loaded CNFs were quite similar, with 75 and 78% of the
phosphorus being released within 4 hours, respectively. As
with the unmodified samples, the CNF beads loaded with
36% NPK fertilizer provided the slowest release of nutrients.
After 4 hours, only 67% of the phosphorus had been released
from the hydrogel matrix, with the remaining 33% of NPK
releasing over the course of 72 hours (Fig. S12†). This
timescale is competitive with other biopolymer-based
controlled and slow-release systems;61 however, it is not yet
comparable with traditional polymer-based systems.

The slower release profile obtained from the 36% NPK-
CNF beads was partially ascribed to these particles
containing significant nutrient loading without having
introduced significant osmotic pressure, which was seen at
higher NPK loading. At 36%, loading remains well below
saturation of the hydrogel, while still containing significant
nutrients to be released over extended periods. Further, XPS
and EA show that while 36% loaded NPK-CNFs contain the
highest concentration of nutrients encapsulated within the
bead, the 18 and 72% loaded samples contain more nutrients
at the bead surface. Since nutrient release in this system can
reasonably be assumed to be diffusion-controlled, release
kinetics are expected to be slower for beads where nutrients

are preferentially encapsulated within the interior of the
beads, as opposed to the exposed surfaces. Thus, the slower-
release behavior observed at 36% loading can be rationalized,
as 36% loading resulted in a greater fraction of nutrients
being encapsulated within the beads when compared with
the 18 and 72% samples (see Table 1). Moreover, the slower
release profiles observed for the unmodified samples at 36%
loading are retained after modification, which further
supports that both loading and surface modification can be
used to tune release rates.

Motivated by these promising initial results, further
experiments were performed involving a longer reaction time
(6 weeks) for nanocellulose esterification, which results in
more extensive esterification. In experiments involving
6-week functionalized CNFs, only one loading percentage of
NPK was used to control for this variable. The initial 4-hour
release plots for the 6-week functionalized CNFs as measured
by ICP-OES, are shown below in Fig. 11, compared with
results from the unmodified and 4 week-esterified samples.
Complete ICP-OES release plots, up to 72 hours, can be
found in the ESI† (Fig. S13).

Analysis of Fig. 8 reveals that there is a discernible
difference in release profile between the two esterified
samples. Namely, the more-esterified sample, which was
modified for 6 weeks, released potassium and phosphorus
nutrients more quickly than the 4-week modified CNF
sample, despite a higher degree of functionalization. This
result counters the expectation that imparting a higher
degree of hydrophobicity should provide the slowest release
of soluble nutrients. One possible explanation for this
observation is that esterification beyond a critical point
results in a breakdown of the microbead structure, thereby
creating channels for rapid nutrient dissolution. However,
this counter intuitive dependence of release rates on degree
of functionalization does suggest that lower levels of
functionalization, which are easier to perform, may slow the
extent of NPK dissolution further, providing even greater
control over release rates.

After observing the extended-release profiles obtained with
gas-phase modification, solution-phase modifications using
hexanoyl chloride were also performed and the release of P
and K was analyzed. It was found, however, that solution-
phase modification led to selective leaching of phosphorus
from the material, likely caused by contact between the CNFs
and the liquid hexanoyl chloride or during subsequent
washing with diethyl ether. Additionally, this modification
did not result in any improvement in NPK release kinetics,
compared with unmodified control samples. Further, only
minimal esterification of the nanocellulose matrix occurred
via this method as determined by ATR (data not shown). The
obtained ICP-OES release plots can be found in the ESI† (Fig.
S14). Given these results, solution-phase modification of the
cellulosic beads is not a viable strategy for controlling
release.

In addition to its ability to control release rates, gas-phase
esterification has several notable benefits as compared to
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analogous solution-phase methods. Gas-phase modification
requires no solvents during the reaction or in subsequent
washing steps. This provides both cost savings and makes
the reaction environmentally benign. Additionally, no pH
adjustments or high temperatures are involved in this
modification, in contrast with conventional
modifications.62–66 Further, no energy input is required
beyond the initial pulling of vacuum for less than a minute.
The functionalization occurs passively over time, with
minimal monitoring needed. This method is also easily
scalable, only requiring a large enough glass manifold and
sufficient pumping necessary to achieve a reduced pressure
in the milliTorr range.

Further, since the reagent is in the gas phase, initial
modification is known to occur at the hydrogel surface to
create a hydrophobic core, hydrophilic shell structures.67,68

Core–shell structures have been developed extensively to
control delivery of varied active ingredients.69–72 Surface
properties play a crucial role in resultant material
properties and in forming a hydrophobic barrier to water
diffusion.73–75 Indeed, core–shell structures are ideal for
environmental applications, as they minimize the extent of
modification necessary to achieve the desired material
properties through specific modification of the surface.
Thus, using such a surface specific reaction minimizes the
modification to the matrix required to achieve the desired
change in material properties, namely, solubility and
hydrophobicity. By retaining as much unmodified cellulose
backbone as possible, this modification strategy retains
much of the completely biocompatible and biodegradable
cellulose, while the ester groups introduced as part of the
functionalization are susceptible to enzyme hydrolysis. In
contrast to hydrophobic modifications achieved through
fluorination, esterification does not create any halogenated

products, which could produce toxic waste and cause
environmental harm upon degradation.76,77 These
observations highlight the sustainable nature of this gas
phase modification strategy relative to other conventional
solution-phase methods.

Kinetic analysis of P and K release

For quantitative characterization of relative release rates, a
kinetic analysis was performed. It was found that the initial
release profiles (up to 4 hours) could be reasonably well fitted
to a first order exponential model as shown in eqn (2):

At = A0(1 − e−kt) (2)

Here, At represents the concentration of P or K released from
the nanocellulose matrix (in units of mg L−1) after time t (in
hours), A0 indicates the final concentration of P or K solution
upon complete release of the nutrient (mg L−1), k is the rate
constant (in units of hour−1). Excel's Solver function was used
to minimize the error squared values between experimental
and kinetically derived concentrations. The resultant plots
and fits can be found in the ESI† (Fig. S15 and S16). While
more complex kinetic models for agrochemical release are
reported in the literature,78,79 this simple model provided an
adequate fit and a quantitative means to assess the impact of
hydrophobization on the release kinetics. Although this
relationship does not provide any direct mechanistic insights
into the release process, first order kinetic models have been
used to describe drug and nutrient release from controlled
delivery systems.80,81 Furthermore, it is well known that
hydrophobic modifications can alter release of active
ingredients from a matrix,41,82,83 as these modifications alter
solubility of bioactive compounds and delivery matrices in
various media and other surface properties.84–87 The rate

Fig. 11 ICP-OES release plots for potassium (left, a) and phosphorus (right, b) for 72% NPK-CNFs that were unmodified (triangles) and gas-phase
(GP) esterified for 4 weeks (circles) and 6 weeks (diamonds), for the first 4 hours of release.
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constants for phosphorus and potassium release for all of the
control and gas phase (GP) modified CNF samples studied
can be found in Table 2, along with adjusted correlation
coefficients (R2), calculated in Excel. The correlation
coefficients shown are the averages obtained across
potassium and phosphorus.

Correlation coefficients for both potassium and
phosphorus show good agreement between experimental data
and the kinetic model, with all values being well above 0.9.
Analysis of Table 1 reveals that the rate constants for the
release of phosphorus and potassium from each sample
occur at similar rates, with the slightly higher (averaging
25%) rate of potassium release attributed to the relative
aqueous solubilities of these species.88 More importantly, the
derived rate constants clearly show that modification
decreased nutrient release rates by an order of magnitude or
more for all NPK loading percentages, demonstrating the
capacity for such modification to significantly slow release.
This kinetic analysis confirms the tunability in rate constant
made possible by controlling the reaction time and therefore
extent of esterification, as evident by the approximately four-
fold difference in phosphorus and potassium release rates
between GP-6week and GP-4week samples.

These results also demonstrate that 36% loading capacity
of NPK slowed release to the greatest extent when compared
with 18% and 72% loading, for both modified and
unmodified control samples. Specifically, for CNFs esterified
for 4 weeks, 36%-loaded CNFs exhibited a threefold decrease
in release rate compared to the modified 18% or 72% loaded
CNFs. Moreover, the similarity in relative release rates
between unmodified and modified CNFs indicates that
release rates of active ingredients from CNFs is determined
by a combination of the active ingredient loading and the
degree of functionalization.

Compared with conventional controlled release fertilizers,
such as coated urea,10,14 the extended-release profiles shown
herein are not yet functionally beneficial. While these less
environmentally benign methods can extend release further
than the results reported here,10,14 the release profiles
obtained upon hydrophobic modification of these CNF
hydrogels can be compared with reported results for similar
biopolymer-based controlled release systems. For example,
spray-drying of chitosan/nanocellulose composites extended
NPK release up to several hours,89 while a carboxymethyl
cellulose system with varied fillers can extend release of NPK

up to several days.79 A mixture of maize starch and CNFs can
release dimethyl phthalate, a model encapsulant, for up to a
week.90 These examples indicate that the release profiles
reported here are similar to other biocompatible, biopolymer-
based systems.

The environmental impact of utilizing nanocellulose is
difficult to quantify precisely, as life cycle analysis
conclusions for these types of materials are highly dependent
on the process and application.91 However, the process
utilized here aims to minimize carbon emissions and energy
consumption through optimizing the number of passes
needed during the mechanical disintegration of the
nanocellulose, which is the main source of energy
consumption in this process.92 Likewise, by using
nanocellulose as opposed to traditional sources, such as
dissolving pulp, the bead formation process used herein does
not necessitate pretreatment. This process is also not
dependent on the raw material of choice, allowing for the use
of side streams from other processes and the use of
unbleached cellulose pulps containing other biopolymers
such as hemicelluloses, lignin, and pectin.31 The
biocompatibility, ability to use diverse feedstocks, improved
release values, and versatility of this method to further
optimize materials arguably outweigh concerns regarding the
use of nanocellulose. This nanocellulose-based product is a
promising material for EEF development with potential long-
term benefits for agriculture and the environment.

Notable and unique benefits of the methodology
described herein are the high loading of NPK and the tunable
release. The latter is attainable by appropriately modulating
the reaction time to create hydrophobic shells of varied
thicknesses, with unique release profiles tuned for specific
applications.93 Due to this tunability, highly specified release
profiles could be created by combining mixtures of hydrogels
with varied degrees of esterification. As plant nutrient needs
vary throughout the growth cycle,94 such systems could be
envisioned to prevent the need for mid-season fertilization.
Similarly, functionalization could be explored with other
suitably volatile reagents with different levels of
hydrophobicity, enabling control of the release profile by
varying the identity of the ester chain (see Fig. 1). Further, an
additional degree of tunability in release kinetics has been
demonstrated through modulating the loading percentage.
Specifically, it has been shown that 36% loading of NPK
provides a roughly three-fold decrease in release rates for gas

Table 2 Derived rate constants for release of P and K from CNF hydrogels and average correlation coefficients for the release of phosphorus and
potassium. Standard deviations are reported for control samples, wherein aqueous release was done in triplicate

Sample Phosphorus rate constant (hour−1) Potassium rate constant (hour−1) R2

Control 18% 15.2 ± 1.2 15.3 ± 0.9 0.969
Control 36% 6.8 ± 1.9 7.5 ± 1.2 0.986
Control 72% 16.4 ± 0.6 15.4 ± 1.3 0.959
GP-4week 18% 0.759 0.937 0.968
GP-4week 36% 0.216 0.259 0.943
GP-4week 72% 0.671 0.823 0.954
GP-6week 72% 2.56 3.65 0.972

Environmental Science: NanoPaper

Pu
bl

is
he

d 
on

 1
4 

A
ug

us
t 2

02
3.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f W

is
co

ns
in

 - 
M

ad
is

on
 o

n 
8/

14
/2

02
3 

4:
30

:2
6 

PM
. 

View Article Online

https://doi.org/10.1039/d3en00306j


Environ. Sci.: NanoThis journal is © The Royal Society of Chemistry 2023

phase modified samples, an effect ascribed to the lower
fraction of nutrients observed at the exposed surface of these
beads.

More significantly, the results reported herein suggest a
degree of tunability solely through modulating the extent of
modification. Further, based on other reported results in the
literature, it is likely that coupling of modification strategies
can tune and extend release even further, to be competitive
with current commercial products. For example, the
esterification reactions which have proven effective at
modifying release could be coupled with crosslinking and
densification to further reduce the active hydrophilic
hydroxyl sites in the beads.95 Alternatively, the esterified
hydrophobic layer could then be sprayed with a thin layer of
beeswax, which could lead to better adherence of the coating
to the surface due to the similarities in hydrophobicity.96,97

Utilizing multiple modification strategies at once also
introduces multiple tunable variables, such as beeswax
coating thickness or crosslinking extent, which should
introduce finer control of nutrient release kinetics. These
multiply-modified beads warrant further research.

Conclusions

This work details a strategy of saturating nanocellulose-based
hydrogel beads with a soluble NPK fertilizer, followed by a
green gas-phase esterification strategy using hexanoyl
chloride. The initial loading of NPK within the hydrogel
matrix was found to impact release kinetics due to loading-
dependent differences in the fraction of nutrients at the
surface as opposed to the interior of the beads. Additionally,
controlled hydrophobization of the cellulose beads provided
a route to slow and control the diffusion of nutrients out of
the nanocellulose matrix by more than an order of
magnitude by providing a hydrophobic barrier. While the
release profiles obtained herein are not yet commercially
competitive, performing the hydrophobic modification in the
gas-phase allows for controllable modification of this
material, eliminates the need for solvent, reduces energy
inputs, and allows for surface-to-core modification of the
hydrogel. Moreover, the cellulose utilized here was
regenerated from agroforest byproducts, producing a circular
economy of materials usage. Overall, this work proposes a
sustainable biobased alternative to conventional EEFs,
thereby improving crop yields while avoiding generation of
secondary pollutants.
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