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ABSTRACT: Nitrogen fertilizers, namely urea, are prone to
leaching that causes inefficiency in crop production and environ-
mental pollution; hence porous particles were explored for slow
release. Nevertheless, discrete particles add cost; therefore, jute
cellulose has been tested as twine to tether silica together for
reusability. On the other hand, silica serves as an exoskeleton to
give pore memory property to cellulose, which otherwise is
susceptible to loss of porosity during irrigation. The composite
shows ∼70% more absorption capacity in the fifth cycle than the
fiber without silica coating. The urea release kinetics shows only
<1/3 and 3/4 of urea release from the jute-silica composite
compared to naked porous silica and cellulose, respectively. The
slow and sustained release of fertilizer from the composite results
in a continuous increase in the chlorophyll content in rice crops.

■ INTRODUCTION

Nitrogen is one of the essential macronutrients for crop
production, which is supplemented through fertilizer applica-
tion. Among the nitrogen fertilizers, urea contains the highest
nitrogen content (∼46%). However, it is prone to leaching and
volatilization, significantly reduces its crop uptake efficiency;
on the other hand, the loss causes environmental pollution.1,2

Furthermore, this nitrogen loss is magnified in the acid soil; for
instance, it approximates 1−15 kg N loss ha−1 year−1. Hence,
recently attractive nanocomposites were developed to control
the fertilizer leaching.3

Porous materials have time and again proved efficiency in
various applications,4−7 in which mesoporous silica in drug
delivery has gained massive attention in biology.8 Following
this, its role is appreciated in the agricultural formulation that
contributed to some of the most refined advanced pesticide
delivery formulations.9−11 Comparatively, its application as a
fertilizer reservoir has been limited to diffusion-controlled
discrete particles.12 In this context, we developed an advanced
design with mesoporous silica customized to have a
biopolymer nanolayer for the targeted fertilizer application.13

This composite has also controlled the undesired dissipation of
the soil solution inside, which otherwise turns fertilizer into an
unavailable form.
In mesoporous silica, the feasibility of synthesizing mosaic of

architecture like hollow, multishell, yolk−shell, bouquet,
branched, dendrimer, and virus-like particles has been
demonstrated.14−16 Considering the feasibility for agricultural
application, a composite network is preferred over discrete
particles.17,18 Cellulose, the most abundant biomass on earth,

has good mechanical strength, porosity, specific surface area,
great functional groups, loading capacity, and so forth, which
suits mass-scale application.19−21 Recently, its compatibility to
modify with oxide particles for photothermal applications has
been demonstrated.22 Despite all these desirable properties
that can serve as a continuous matrix for the fertilizer reservoir,
its poor pore memory property leads to immediate collapse
and shrinking in the presence of water. This questions its
application in agriculture, where using water during irrigation
is unavoidable. Synthesis of silica-based fibrous aerogels with
the polymer template has been shown to secure the
porosity.23−27 The combination of cellulose with inorganic
and organic supports has been shown to improve flexibility and
fiber strength.28 In such a fertilizer matrix, as much as silica
supports the fiber pores, the cellulose running at the core can
participate in fluid dynamics control and fertilizer release
kinetics in addition to serving as the twine to hold silica for
reuse.
Here, a cost-effective cellulose composite with relatively

good pore memory property has been prepared with silica
coating on a jute template (fiber@SiO2). Jute, a natural
polymer with a significant amount of noncellulosic compo-
nents (up to 40%),29,30 has poor crystallinity, which is a
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favorable property for the porous structure. Compared to other
cellulose fibers, the hydrophobicity of jute allows it to remove
water from “silica-coated jute” with a minimum collapse in the
pore by simple air drying. In contrast, the proper aerogel
preparation by silica coating on the hydrophilic polymer
template requires freeze or supercritical drying to remove the
solvent without a collapse in the pore structure.31 Thus, the
guarantee by the jute for minimum pore collapse in air drying
and being the natural fiber ensures environmental compati-
bility, practical feasibility, and low cost, which qualify to scale
up at the industrial level. The regular heterogeneity in the jute
having abundant functional groups, aided in the uniform
coating that gave good stability to the silica during the
mechanical stress test. The porous silica with the fiber template
serves as the ultra-lightweight matrix to imbibe ∼12 times the
saturated fertilizer volume and show repeated loading/release
for multiple cycles. The ability of the fiber to present excellent
fluid flow control by running in the porous network channel,
enables sustainable fertilizer supply in leach-prone acidic
conditions.32 This release kinetics qualifies the eligibility
criteria of European controlled-release fertilizer standards.33

The composite shows ∼1.25 and 3 times increase in the
chlorophyll content in the rice crop on the 10th day compared
to the urea-loaded fiber and urea treatments, respectively.

■ RESULTS AND DISCUSSION

Material Characterization. The thermal behavior of the
materials was examined through thermogravimetric analysis
(TGA) to quantify the amount of silica in fiber@SiO2 (Figure
1a). The initial 12% loss up to 150 °C should be from the
removal of moisture content. A subsequent couple of losses, up
to 250 °C (15%) and 590 °C (∼3%) may be from
hemicellulose and cellulose along with lignin, respectively;

whereas in the literature, the cellulose and lignin peaks
centered separately at 350 and 500 °C for jute.34 This shift in
fiber@SiO2 may be attributed to the silica coating that caused
the coalition of cellulose and lignin decomposition temperature
because of silica-confined combustion and carbonation. A
similar shift in the cellulose decomposition temperature has
been noticed in studies with silica-coated cellulose.36,37

Compared to the fiber, an additional decomposition peak
after 600 °C observed for fiber@SiO2 that corresponds to 7%
weight loss, which may account for the carbon loss. Finally, a
residual weight corresponding to 62% of the initial weight of
the composite was observed at 800 °C. The thermal
decomposition of the composite was compared with that of
silica, which shows an insignificant loss from the initial weight
(Figure 1b). From this, the remaining 62% residual weight
from the composite must be the contribution from silica.
Following this, X-ray diffraction (XRD) was recorded to

understand the cellulose’s crystallinity before and after coating
(Figure 1c). Before and after coating, the fiber shows 2θ peaks
at 22 and 16°, corresponding to (200) and (110) lattice planes,
respectively, confirming the cellulose to be type 1.38 The
crystallinity index calculated shows that the crystallinity
improves from 61 to 65% after coating. This minor increase
is expected due to the formation of a silica-supported hydrogen
bond. This little sacrifice in the amorphous index may not
significantly reduce the porosity; however, Brunauer−Em-
mett−Teller (BET) surface area analysis has been performed
to confirm this.
Before and after coating, the fiber has been exposed to the

nitrogen adsorption and desorption curve, which shows the
surface area to be 47 and 43 m2 g−1, respectively (Figure 1d).
Thus the coating process has not caused significant reduction
in the available surface area. This composite is the one with the

Figure 1. Characterization of fiber and fiber@SiO2 starting with TGA and DTG of (a) fiber@SiO2 and (b) SiO2 showing silica quantification, (c)
XRD pattern showing the increase in crystallinity after silica coating, and (d) BET surface area showing no significant change in the surface area
after silica coating.
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Figure 2. TEM micrograph of (a) fiber@SiO2 showing a thick 9 nm silica layer on the fiber (inset) and (b) calcined fiber@SiO2 showing the pores
with an average size of 26 nm. (c,d) Confocal fluorescent microscopy image of (c) fiber and (d) fiber@SiO2 (I) darkfield, (II) FITC loaded fiber,
and (III) composite image, loaded with FITC. (Using the green channel with a 488 nm laser).

Figure 3. (a) FTIR spectra confirming urea loading in the fiber@SiO2 and (b) urea loading and encapsulation efficiency in fiber, fiber@SiO2, and
porous silica. (c) Photograph showing the fiber@SiO2 composite before and after calcination and (d) urea release profile from urea-loaded fiber,
fiber@SiO2, and porous silica.
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highest amount of silica (62%), without a significant loss in the
surface area [this property has a role in pore recovery (vide
inf ra)]. This may be due to the stability offered by the lignin
intercalated in the cellulose (jute fiber has the highest amount
of lignin in plant cellulose) and is known to provide structural
integrity to the plant cell wall.39 The lignin may have also acted
as the reinforcement agent for the fine coating, as previously
the organic and inorganic additives were shown to cause
integrated growth.40 Such additives were able to retain the
surface area of the fibers even with 60% silica loading.
Before the application, the composite morphology was

examined under transmission electron microscopy (TEM)
before and after calcination (Figure 2a,b). The image before
calcination shows ∼10 nm of thick silica coating on the fiber,
which after calcination, shows porous morphology. The
appearance of the pore after calcination may be because of

the removal of lignin or other nanofiber whiskers that were
removed during heating. The pore size varies from 10 to 40 nm
in the measured 60 pores, the details of which are given in the
Supporting Information (Figure S1 and Table S1). The
stability of the silica on the composite has been examined by
placing the composite in the drum rotor programmed at 75
rpm for 5 min along with the metal balls. At the end of this
stress, no detectable amount of silica was found, which
confirms the stability of the silica binding on the fiber.

Cargo Loading and Release Characterization in
Fiber@SiO2. Before testing the fertilizer loading, the
composite was tested for uniform pore access in the mass
using fluorescence imaging through the confocal microscope.
The images taken for the fibers incubated with the fluorescein
isothiocyanate (FITC) before and after silica coating show an
even distribution of the green FITC fluorescence with no

Figure 4. (a) Study of absorption capacity and reusability of fiber and (b) fiber@SiO2. (c) Variation in the chlorophyll content in the leaves of rice
plants treated with the urea-loaded fiber and urea-loaded composite against a positive control of free urea application. (d) Percentage nitrogen
content in the leaves of rice plants treated with the urea-loaded fiber and urea-loaded composite against a positive control of free urea application.
(e,f) Photographs showing rice plants in day 1 (e) and day 5 (f) of different treatments.
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difference (Figure 2c,d). This concludes that the silica coating
does not restrict the access of the cargo to the fiber, which may
be because of the porous nature of the silica coating as
observed in the TEM (Figure 2b).
The fiber without and with coating has been allowed to

incubate in the saturated urea solution overnight for the
fertilizer loading until the equilibrium is reached. Following
this, the carriers were washed three times and examined under
Fourier transform infrared (FTIR) for loading. The FTIR
spectra of the fibers (Figure 3a) show the typical transmittance
observed for the jute cellulose at around 2900 and 3300 cm−1

corresponding to C−H and O−H stretching.34 After silica
coating on the fiber by the hydrolysis of tetraethoxysilane
(TEOS) (fiber@SiO2), the typical Si−O−Si bending vibration
peak at 1025−1100 cm−1 appears.35 The narrow ridge at 1170
cm−1 observed for the jute broadens and extends till 1250 cm−1

after silica coating. An intense peak appears at ∼800 cm−1 after
silica coating, which corresponds to the Si−O−Si stretching
vibrations. The urea-loaded fiber@SiO2 composite shows C−
N, CO stretching, N−H stretching, and N−H deformation
at 1453, 1677, 3455, and 1625 cm−1, respectively. The urea
loading capacity calibrated through the Kjeldahl method shows
∼60% loading in the fiber and fiber@SiO2 (Figure 3b). This
phenomenon of even loading in the fiber without and with the
coating may be attributed to the reduction in the urea binding
site of cellulose by the silica masking being compensated with
the gap developed between the fiber and grafted silica wall.
For comparison, a silica control has been synthesized by

calcination of fiber@SiO2 in the furnace, so that the fiber has
been removed, leaving a white powder (brown composite
changed to dirty white) of the porous silica wall (denoted as
p1-dSiO2) (Figure 3c). The porous p1-dSiO2 material shows a
minor increase in the loading, approximating 5% compared to
the fiber and fiber@SiO2. Following this, all the three materials
were tested for the release kinetics in the acidic buffer to find
the suitability to serve as the fertilizer reservoir in the acid soil,
where nitrogen leaching is a severe challenge. Generally, at all
observation intervals, the urea release from fiber@SiO2 has
been lesser than the fiber and p1-dSiO2 (Figure 3d). In acidic
conditions, only <1/3rd of urea has been released from the
fiber@SiO2 composite as compared to p1-dSiO2; similarly only
3/4th of urea is released from the fiber@SiO2 composite as
compared to cellulose. This controlled release behavior
qualifies the fiber@SiO2 composite to be a sustainable fertilizer
reservoir in acid soil.
Absorption Capacity and Reusability Behavior. For

agriculture applications, absorption efficiency and reusability
are critical. The fibers with and without silica coating shows
total water absorption capacity to be ∼1200 and ∼1000 μL per
100 mg of jute fiber, respectively (Figure 4a,b). This
corresponds to ∼12 and ∼10 times absorption capacity by
fiber@SiO2 and fiber, respectively. For the reusability test, the
fibers were tested for five cycles of absorption and release; with
the application of even pressure on either sides of the glass
slides with the samples placed in between. At the end of 5
cycles, the adsorption reduced to 550 μL in the fiber without
coating, whereas the fiber with coating showed 1000 μL
loading at the last cycle too. This indicates that the inorganic
silica supports the organic cellulose to regain the porous
structure after the compressive stress, which otherwise
collapses into the lamellar structure.
To check this phenomenon of the silica support to stabilize

the porosity again, we followed the crystallinity of the fiber and

fiber@SiO2 exposed to urea loading and washing (Figure S2).
Although the initial crystallinity of fiber@SiO2 has been more
than the fiber, the crystallinity did not increase after washing,
whereas in the fiber, the crystallinity increased by ∼5%. This
increase in the crystallinity in the fiber without silica coating
can cause loss of porosity, and this phenomenon is explained
with the schematic in the Supporting Information (Figure S3).
Furthermore, the fiber alone without silica coating does not
have the gap; whereas in fiber@SiO2, the silica layer creates
gaps between silica and fiber. This gap complements the
crystallinity control for the efficient loading in fiber@SiO2.
In addition to converting amorphous cellulose into

crystalline, there is also a strong chance for the fiber to swell
in the presence of urea, hydrate the NaOH-treated cellulose,
and dissolve the amorphous cellulose.41,42 Eventually, reducing
the loading capacity, this phenomenon may be controlled in
the silica-coated fiber, namely, fiber@SiO2. Further previous
work on aerogel shows the pore recovery property, and it is
proportional to the high silica content without the loss of the
surface area.43 This corroborates with fiber@SiO2, which has
∼60% silica with almost no compromise in the surface area.

Effect of Composites on Plant Physiology. Nitrogen
application is known to affect plant growth directly and
chlorophyll content;44 hence, a pot culture experiment has
been performed with the rice crop to assess the efficiency of
the composite on the chlorophyll synthesis (Figure 4c). In the
control urea application, a sudden increase in the chlorophyll
content on the fifth day occurred, which then reduced to less
than other treatments in the next couple of days. This may be
due to the burst release of nitrogen from the uncoated urea,
which is known to cause a sudden increase followed by
physiological imbalance. In comparison, the urea application in
the fiber and fiber@SiO2 form showed a steady growth for the
successive 10 days, which promised a slow and sustained
release. The urea-loaded fiber@SiO2 composite shows ∼1.25
and 3 times increase in the chlorophyll content in the rice crop
on tenth day compared to the urea-loaded fiber and urea
treatments, respectively.
The nitrogen content in plant leaves has been followed for

10 days following the urea application in 23 different forms (1)
urea loaded in the fiber, (2) urea loaded in the composite, and
(3) free urea application (Figure 4d−f). During the experi-
ment, the pots were irrigated every day with an equal amount
of water. In the case of the control plant supplemented with
urea, the nitrogen content showed a steep increase at day 3,
after which it declined till day 9. This observation correlates
with the burst release of nitrogen from the unprotected urea
fertilizer. The leaves in the other two treatments, namely,
fiber@urea and fiber@SiO2@urea, show a sustainable pattern
in the increase of the nitrogen content; thus, although the
growth was not as rapid as in the free urea in the initial 3 days,
its sustained support led to more nitrogen content than the
free urea treatment from seventh day.
Furthermore, at the tenth day, the treatment fiber@SiO2@

urea shows significantly more nitrogen than fiber@urea,
proving that the silica coating improves the sustainable
nitrogen supply to the plant from the fiber. Unlike the fiber
treatments where the nitrogen content has shown a continuous
increase, there has been a minor fall after the third day in the
free urea application, which may be due to the regular heat
shock that plants have to overcome after the free urea
treatment that leads to nutrient loss. Overall, from this study, it
is clear that the fiber@SiO2@urea can contain the fertilizer
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over a more extended period with a gradual and sustained
release pattern.

■ CONCLUSIONS

Cellulose is a low-density high absorptive matrix with good
scope to serve as the sustainable fertilizer release matrix.
Unfortunately, its inability to retain porosity, which is the key
for loading capacity after a cycle, questions the reusability. To
maintain the fiber porosity here, porous silica has been grown
on natural jute cellulose. The homogeneity with the regular
heterogeneity of the small molecules in jute is believed to
enable even coating, which ensures the pore retention property
to the fiber for multiple cycles with good strength.
Furthermore, the silica coating has been optimized in such a
way that the coating does not have reduction in the surface
area,36 but still has the ability to retain the porosity after every
compression. The urea applied using the fiber@SiO2
composite promised a slow and sustained release of the
fertilizer that ensures a continuous increase in the chlorophyll
content.

■ EXPERIMENTAL DETAILS

Materials. TEOS, NaOH, and FITC were purchased from
Sigma-Aldrich, India, and all other chemicals used were of
analytical grade.
Fiber Preparation. Jute fibers were used as the cellulose

fiber, and the composition of the fiber includes cellulose
(∼64%), hemicellulose (∼12%), lignin (∼12%), wax (0.5%),
pectin (0.2%), and water (10%). The fibers were cut to obtain
∼5 mm length fibers and washed with water to remove any
impurities. The process was repeated three times to remove
any visible impurities in the fibers. The water-washed fibers
were first dried for 24 h in a hot air oven maintained at 60 °C.
The dried fibers were then weighed and treated with NaOH to
remove the organic contaminants from the fibers. Briefly, 400
mg of the fiber was placed in 50 mL of 10% NaOH and kept
for 2 h under continuous shaking using a magnetic stirrer
programmed at 600 rpm. After 2 h, the fibers were washed with
type 1 water (Milli-Q water purified using resin filters and
deionized using water purification system by millipore systems
having very less charge-carrying ions with a specific resistance
of 18.2 μΩ and is dispensed through a 0.22 μm filter) three
times to remove any excessive NaOH present. The samples
obtained were then kept for drying at 60 °C for 24 h.
Fiber@SiO2 Composite. The obtained fibers were coated

with silica by using TEOS as the silica precursor. The
hydrolysis of TEOS was performed under an alkaline condition
in the presence of NaOH. Briefly, 400 mg of fibers and 1.4 mL
of NaOH (2 N) were added in 96 mL of type 1 water and
incubated at 80 °C for 0.5 h with vigorous stirring. After 0.5 h,
2 mL of TEOS was added into the solution and was kept for
another 2 h at 80 °C. The resultant fibers were then washed
with water and ethanol (1:1) for 0.2 h at 7000 rpm. The
washing was repeated three times, and the obtained samples
were dried again at 60 °C for 24 h to remove any water
present.
Characterization of Composite. Powder XRD analysis

was carried out using a Bruker D8 Advance diffractometer. The
N2 adsorption−desorption analysis was performed using the
Quantachrome instrument Autosorb iQ2 at −196.15 °C. FTIR
analysis was performed using a Bruker Vertex 70 series
spectrometer with attenuated total reflectance mode. TGA was

conducted using PerkinElmer STA 8000. For TEM analysis,
samples were suspended in ethanol and drop-coated on a
copper grid, followed by drying. The samples were observed
under JEOL JEM-2100 (120 kV) for the TEM micrograph.
Confocal imaging was carried out using Carl Zeiss LSM, 880
Model equipped with a 488 nm laser line.

Crystallinity Index Calculation. The crystallinity index
was studied using Ruland’s method.45 In this method, the
crystallinity index was calculated by taking the ratio of the
crystalline area to the total area using the following equation

I I Icrystallinity index ( )/total am total= −

Itotal = integrated intensity of the total spectra, Iam = integrated
intensity of the amorphous background.

Loading of FITC in the Composite. The samples
obtained at different stages like the fiber and fiber@SiO2
composite were loaded with FITC. Briefly, for 5 mg of the
fiber, 1 mL of FITC solution (50 μg/mL) was used for loading.
The samples were incubated in FITC solution for 24 h, and the
samples were washed three times to remove the unbound
FITC. The samples obtained were placed on coverslips,
covered with glycerol, and viewed under the confocal
microscope.

Loading of Urea in the Composite. Following the
optical confirmation of the cargo loading in fiber@SiO2, urea
loading has been quantified. For urea loading in the fiber and
fiber@SiO2 composite, initially, a saturated solution of urea
(800 mg/mL) was prepared by dissolving urea in type 1 water.
Then, 25 mg of the fiber and fiber@SiO2 composite was
incubated with 1 mL of the saturated urea solution for 24 h at
400 rpm. The samples were then washed three times with
water to remove any unbound-free staying urea on the surface.
Loading capacity and encapsulation efficiency were calculated
using the formula

loading capacity entrapped urea/nanoparticles weight

100

= [ ]

×

encapsulation efficiency

(urea added unentrapped urea)/urea added

100

= [ − ]

×

Release of Urea in the Buffer. Urea-loaded particles with
and without silica coating were kept in pH 5 buffer for studying
urea release. The composites were incubated in shaking
conditions, and samples (20 μL) were drawn at regular
intervals from the supernatant after centrifugation to quantify
the released amount. After each sampling, the incubation setup
has been filled with the same amount of fresh buffer. The
sample so obtained was analyzed using the Kjeldahl method.46

Absorption Capacity and Reusability Behavior. The
reusability of the fiber and fiber@SiO2 was evaluated to check
the effect of compression stress on the fibers, especially pore
memory and absorption capacity. Equal amounts of fiber and
fiber@SiO2 (100 mg each, on a fiber weight basis) were soaked
in water to a point where they could not retain more moisture.
Uniform pressure was applied on the water-imbibed samples
with the glass slides at the end. The amount of water removed
was precisely replaced in the next step to maintain the exact
volume left by the fiber. These steps were then repeated five
times to check the reusability of the fibers.
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Effect of Composite on Plant Physiology. A pot culture
experiment has been conducted to test the impact of the
composite on nitrogen supply to the crop. Rice plants (Oryza
sativa, variety hybrid 103) were transplanted in pots containing
3 kg of soil, in which leaf chlorosis was initiated on 80th day by
using water at pH 5 for irrigation. After the onset of chlorosis,
the plants were supplemented with external nitrogen in urea,
urea loaded inside the fiber and silica-coated fiber. Chlorophyll
was extracted and estimated at different time intervals (1, 3, 5,
7, and 9 days).
The spectrophotometry method has been followed for

chlorophyll estimation. Briefly, the given leaf weight was
ground with 20 mL of acetone (80% aqueous solution
prepared in phosphate buffer). The leaves were kept in
acetone solution for 24 h at 4 °C with intermittent shaking.
Following the incubation, the samples were measured for their
absorbance profile through UV−vis spectroscopy against the
background signal of acetone solution. The peak values at 645
and 663 nm were used to calculate the chlorophyll content
using the following formula.47

AChlorophyll content 20.2(A ) 8.02( )645 663= +
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