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Polymer nano-composite was prepared by grafting partially neutralized acrylic acid onto swollen cellulose iso-
lated from water hyacinth in the presence of nano-hydroxyapatite (nano-HA) using N,N-methylene-bis-
acrylamide (MBA) as the cross-linker and ammonium persulphate (APS) as the free radical initiator. Water ab-
sorption tests showed an increase in swelling ratio of the copolymer with increased nano-HA content to value
of 120 g/g at 2.5%w/v above which it declined. FTIR spectrum of nano-composite revealed grafting of the mono-
mer (acrylic acid/ammonium acrylate) onto cellulose and nano-HA. Transmission electron microscopy (TEM)
images of nano-HA synthesized in the presence of Triton X-100 (non-ionic surfactant) displayed rod-shaped ag-
glomerates and nano-particle dispersionwithin the copolymermatrix. Energy dispersive X-ray (EDX) spectra re-
vealed the constituents of nano-composite to bemainly C, O, Ca and P, while N was not detected by this method.
X-ray diffractograms (XRD) of cellulose grafted copolymer showed a more amorphous structure relative to that
of dry water hyacinth cellulose and also presence of crystalline nano-HA within the copolymer. This polymer
nano-composite could be beneficial in agriculture in aidingmoisture retention as well as a source of P which oc-
curs through microbial degradation of cellulose grafted copolymer and solubilization of nano-HA.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Polymer hydrogels (PHGs) are 3 dimensional network materials
which can absorb and retain large amounts of water due to presence
of hydrophilic groups such as –COOH, -CONH2, -SO3H and cross-links
formed by covalent, electrostatic, hydrophobic bonds, that resist disso-
lution [1–3]. These characteristics enable extensive applications in
food industry as thickening agents, bio-medicine as artificial organs, ag-
riculture as soil conditioners, pharmaceuticals in controlled drug deliv-
ery and hygiene as sanitary towels and baby diapers, among others
[2,4]. Majority of these polymers are prepared from petro-chemicals
and due to high cost of monomers, there has been growing pressure
to produce them using renewable natural resources such as starch, cel-
lulose, chitosan, alignate, pectin, carrageenan, collagen and lignin [4,5].
Other challenges associated with the use of PHGs are low mechanical
strength and poor degradability [4,6]. For instance, linear and cross-
linked polyacrylamide (PHGs) is used as a soil conditioner to improve
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moisture retention and stabilize soil aggregates in order to minimize
crust formation and soil erosion; though its degradation rate in soil is
b10% per year [7]. These challenges can be alleviated by cross-linking
vinyl monomers with biodegradable materials such as cellulose. Cellu-
lose attracts much attention due to its abundance, low cost and excep-
tional properties such as biodegradability, biocompatibility,
hydrophilicity, nontoxicity, among others. Cellulose-based PHGs are
often prepared using cellulose derivatives such as carboxymethyl cellu-
lose by free radical polymerization technique [8,9]. Themonomers com-
monly employed include acrylic acid and its salts, acrylamide and
methacrylamide [10,11].

Water absorbency and retention properties of PGHs attractmuch in-
terest for use in agriculture as slow release fertilizer (SRF) carriers and
soil conditioners [3]. About 40–70% N, 80–90% P and 50–70% K of ap-
plied conventional fertilizers are lost to the environment through sur-
face runoff, leaching and volatilization causing serious economic losses
and environmental pollution [2,12]. These losses can be reduced by en-
capsulating the nutrients within a biodegradable PHG as delivery vehi-
cle to synchronize nutrient release with plant uptake subsequently
reducing negative environmental impact associated with conventional
fertilizer application. PHGs can also improve soil moisture retention ca-
pacity thus reducing cost of irrigating crops particularly in arid and
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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3PO4 + 10Ca(OH)2  Ca10(PO4)6(OH)2 + 18H2

Scheme 1. Reaction between orthophosphoric acid and calcium hydroxide to yield nano-
HA

a) b) c) 

d) e) f) 

Fig. 1. Summary of the procedure of isolating cellulose from water hyacinth; (a) solvent extracted water hyacinth, (b) 1st bleaching (c) alkaline hydrolysis (d) 2nd bleaching (e) acid
hydrolysis (f) washing.
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semi-arid lands (ASALs). However, high cost of producing PHGs limits
their application in various fields including agriculture and efforts
have been made to overcome this challenge by developing polymer
nano-composites using inorganic fillers (clay minerals) such as kaolin-
ite [7], montmorillonite [13,14], bentonite [15], attapulgite
(Palygorskite) [16] and clinoptilolite [17]. These clay minerals are at-
tractive due to their abundance in nature and other exceptional proper-
ties such as high specific surface area, high cation exchange capacity,
physical-chemical stability and high intercalation.

The formulation SRFs mainly involves charging the copolymer with
soluble fertilizers such as urea, (NH4)2HPO4 and KH2PO4 [14,17]. How-
ever, high solubility urea and inorganic salts could limit slow release
property when chemical interaction does not exist between the nutri-
ents and the delivery material. Available publications on the SRFs for-
mulation focus mainly on N. Few studies consider elements such as P
which is prone to erosion loss and fixation into plant unavailable
forms by certain soil types such as the nitisols [18]. Recent studies on
SRFs formulation using nano-HA demonstrate the potential to enhance
P use efficiency. Lui and Lal [19] observed better mobility of
carboxymethyl cellulose (CMC)–stabilized nano-HA in soil compared
to nano-HA without CMC, suggesting a more efficient delivery of P to
the root system. This nano-fertilizer formulation improved growth
and yield of soybeans, above those of CaHPO4 treatment. Montalvo
et al. [20] evaluated efficiency of nano-HA (20 nm) in strong P-sorbing
andisols and oxisols, relative to bulk HA (600 nm). They observed
greatermobility of nano-HA in andisol than oxisol and P could not be re-
covered in the leachates in both soil types for bulk HA due to large par-
ticle size. The P uptake and the % P in wheat (Triticum aestivum) derived
from the fertilizers in both soil types followed the order; TSP N nano-
HA N bulk HA.

Nano-HA can be incorporated into PHG to form a polymer nano-
composite for slow release of phosphate. The active –OH groups on
the surface of nano-HA can react with the monomer forming part of
the network besides being physically trapped within the copolymer.
This current study, attempted to prepare a polymer nano-composite
fertilizer by grafting partially neutralized acrylic acid onto cellulose de-
rived from water hyacinth (WH) in the presence of nano-HA. The for-
mulated product was characterized for potential agricultural
application as a SRF and soil conditioner, particularly in arid/semi arid
areas where water retention and release is essential. The release of P
from polymer nano-composite into the soil is considered to depend on
microbial degradation of the copolymer and solubilization of nano-HA,
and subsequent diffusion of P.
2. Materials and methods

2.1. Materials

Acrylic acid and N,N-methylene–bis-acrylamide were obtained from
ACROS Organics, Germany. All other chemicals such as ammonium
persulphate, toluene, ethanol, sodium hydroxide, hydrochloric acid, ac-
etone, calciumhydroxide, orthophosphoric acid and ammoniawere ob-
tained from Loba Chemie, Mumbai, India.
2.2. Extraction of cellulose from water hyacinth

Cellulose was isolated from water hyacinth (Eichhornia crassipes) as
previously described [21]. The extraction procedure is summarized in
Fig. 1; where, dry water hyacinth was treated with ethanol/toluene
(2:1 v/v) to extracted compounds other than cellulose, hemicellulose
and lignin (Fig. 1a). Hemicellulose and lignin were removed by
bleaching with NaOCl, alkaline (aqueous NaOH) and acid (5% HCl) hy-
drolysis (Fig. 1b, c, d & e), and thenwashing to remove the acid (Fig. 1f).
2.3. Synthesis of nano-hydroxyapatite (nano-HA)

Nano-HA was synthesized following the procedure adopted by Rop
et al. [22] in which Ca(OH)2 and H3PO4 were reacted both in the pres-
ence and in the absence of a surfactant (TX-100) under mechanical ag-
itation (1000 rpm). The stoichiometric ratio of Ca:P was maintained at
1.67 according to Scheme 1. Nano-particles formed were oven-dried
at 105 °C to constant weight and then pulverized to fine powder. The
surfactant was removed by washing the nano-HA powder with
methanol.
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Fig. 2. Effect of nano-HA content on the water absorbency of cellulose grafted PHG, the
values are reported as mean ± SD (n = 3).

3K. Rop et al. / Results in Chemistry 2 (2020) 100020
2.4. Preparation of cellulose-g-poly(ammonium acrylate-co-acrylic acid)/
nano-HA composite

30 mL of swollen cellulose (2.67%w/v) and 0.25 g nano-HA powder
was transferred into a 3-necked flask fitted with a reflux condenser
and nitrogen. The flask was placed in a thermostated water bath
equipped with a magnetic stirrer. Nitrogen gas was bubbled through
the mixture for 10 min as the temperature was raised to 70 °C. 0.1 g of
APS was added into the mixture with stirring for 30 min to generate
radicals. 2.7 mL of acrylic acid neutralized with NH3 to 70% (degree of
neutralization) and 0.25 g of N,N-methylene–bis-acrylamide were
mixed in a beaker, stirred to dissolve and then introduced into the reac-
tion flask. The total volume of the reaction mixture was adjusted to
40 mL using distilled water. Stirring was continued for 1 min and then
stopped, and the reaction mixture left to stand for 2 h. The reaction
product was allowed to cool to room temperature, removed from the
flask and then cut into small pieces. These pieces were soaked in dis-
tilled water and a 1:1 NH3 solution added drop-wise to adjust the pH
to 8. It was soxhlet extracted with acetone for 2 h to remove homopol-
ymer, oven dried at 60 °C to a constantweight, pulverized and tested for
water absorption. The same procedure was repeated for 0.5, 0.75, 1.0,
1.25, 1.5, 2.5 and 3.0 g of nano-HA.

2.5. Water absorption tests

A 0.1 g sample of powdered polymer nano-composite was placed in
a porous bag, immersed in distilled water and allowed to swell to equi-
librium at room temperature. The swollen sample was gently dabbed
with filter paper to remove surface water and the weight taken. Swell-
ing ratio was determined using the following equation.

SEQ ¼ Weq−W °

W °

� �
Scheme 2. Grafting of acrylic acid (monomer) o
where,W° (g) is the weight of dry polymer nano-composite,Weq (g) is
the weight of swollen polymer nano-composite at equilibrium and
SEQ (g/g) is the swelling ratio (water absorbency) at equilibrium.

2.6. Structural and morphological characterization

2.6.1. FTIR spectroscopy
FTIR spectrophotometer (Shimadzu IRAffinity-1S) was used to char-

acterize isolated water hyacinth (WH) cellulose, cellulose-grafted PHG
and polymer nano-composite. The sample holder was cleaned and the
background scanned without the sample. A pulverized sample was
placed on the sample holder, pressed against the diamond crystal and
then scanned between 4000 cm−1 and 500 cm−1.

2.6.2. Transmission electronmicroscopy and energy dispersive X-ray (EDX)
spectroscopy

The morphology of copolymers was investigated using high resolu-
tion transmission electron microscope (HRTEM), Tecnai G2 F20 X-
TWIN MAT instrumentation at an operating voltage of 200 kV, and
equipped with energy dispersive X-ray (EDX) spectrometer.

2.6.3. X-ray diffraction (XRD) analysis
1 g of the sample was placed in a disc with an internal diameter of

1.5 cm. X-ray diffractograms were recorded using D2 PHASER (Bruker)
with Cu Kα radiation (1.54184 Å) and a generator working at a voltage
of 30 kV and a filament current of 10 mA. The samples were scanned
from 2θ = 8° to 40° at the rate of 0.090°/min.

3. Results and discussion

3.1. Characteristics of isolated cellulose

The isolated cellulose fibreswere dispersed inwater (Fig. 1f) sugges-
tive of the exposure of hydrophilic –OHgroups. The swelling of cellulose
was ascribed to loosened hydrogen bonding scheme due to alkaline
treatment and bleaching, and also decreased crystallinity of cellulose
that expanded the amorphous region [23–25]. This is a vital prerequisite
to render the system accessible to reagents in the heterogeneous chem-
ical reaction.

3.2. Effect of nano-HA content on water absorbency of cellulose grafted
polymer hydrogel

The effect of nano-HA content on water absorbency (SEQ) of cellu-
lose grafted copolymer is presented in Fig. 2. The polymer without
nano-HA synthesized by grafting 6.75% (w/v) partially neutralized
acrylic acid onto 2% (w/v) cellulose, could swell in distilled water up
to 163 g/g (Fig. 2). The SEQ initially decreased on introducing nano-
HA from 163 to 104 (g/g) followed by a marked increase up to an opti-
mal value of 120 (g/g) at 2.5%w/v, after which it declined. The decrease
may be attributed to the rigidity of nano-HA which occupied the voids
within the copolymer network, decreasing the free volume for accom-
modatingwater molecules. The subsequent increase in SEQ could be at-
tributed to\\OH groups at the surface nano-HA which enhanced the
nto nano-HA by chain transfer mechanism



Fig. 3. FTIR spectra of (a) water hyacinth cellulose, (b) nano-HA and c) cellulose graft poly(acrylamide-co-acrylic acid)/nano-HA composite.
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Scheme 3. Dehydration of polyammonium acrylate into polyacrylamide
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hydrophilicity of the copolymer. Nano-HA content higher than the opti-
mum decreased the SEQ, an observation ascribed to; a) generation of
extra cross-link points where the\\OH at the surface of nano-HA
could react with the monomer, reducing flexibility of the co-polymer
chains, b) decreased hydrophilic portion of the composite, that is, poly
(acrylamide-co-acrylic acid) with increased nano-HA content and
(c) hampered growth of polymer chains by chain transfer mechanism
according to Scheme 2.

In a similar study, Gao et al. [26] grafted methacrylic acid onto HA
particle surfaces and observed successful grafting of polymethacrylic
acid ontoHAparticle surfaces. Rashidzadeh et al. [17] evaluating sodium
alginate-g-poly(acrylic acid-co-acrylamide)/clinoptilolite observed in-
creased SEQ from 34 (g/g) to a maximum value of 41 (g/g) after
which it declined. The workers attributed initial increase in SEQ to re-
pulsive forces between negative surface charge of clinoptilolite and
\\COO– groups of the hydrogel, while the decrease was linked to addi-
tional cross-linking and reduced hydrophilicity of the composite with
increased clinoptilolite content. Hosseeinzadeh and Sadeghi [27]
assessing carboxymethyl cellulose-g-poly(sodium acrylate)/kaolin
composite observed a decrease in SEQ from 450 to 45 (g/g) and this
was attributed to additional cross-linking and hindered growth of poly-
mer chains through chain transfer mechanism. In the current study,
nano-HA content influence the SEQ of polymer composite as reported
in related studies. Nevertheless, the optimized polymer nano-
composite showed a relatively higher SEQ value of 120 g/g (at 2.5% w/
v nano-HA content) and hence exhibited superabsorbent property.
This is an important feature for agricultural application as moisture re-
tention aid that can reduce the cost of irrigating crops in arid and
semi- arid lands. Nano-HA could improve the mechanical strength of
copolymer due to possibility of the formation of chemical bonds
through its\\OH groups, as well as acting as a source of slow release
phosphorous, one of the most sought after crop nutrients.

3.3. FTIR spectroscopy

FTIR spectra of water hyacinth cellulose, nano-HA and cellulose graft
poly(acrylamide-co-acrylic acid)/nano-HA composite are shown in
Fig. 3. The spectral bands for cellulose were observed at 3600–3000
and 1647 cm−1 due to alcoholic\\OH stretching vibrations (Fig. 3a).
Other bands appeared between 1300 and 1000 cm−1 due to C\\O\\C
stretching vibrations for glucosidic bonds. The exceptionally strong
band at 1018 cm−1 corresponds to C\\O stretching vibrations for pri-
mary and secondary alcoholic groups. Nano-HA displayed bands at
Fig. 4. TEM images of (a) nano-HA synthesized in presence of TX-100, (b) nano-HA synthesized
20 nm scale.
1419 and 875 cm−1 (Fig. 3b) assigned to CO3
2– ions which is ascribed

to the interaction between nano-HA and CO2 [28]. The broad and
weak band extending from 3600 to 3000 cm−1, and the weak band at
1635 cm−1 corresponds to –OH stretching vibrations in the nano-HA
lattice and H-O-H of lattice water [29–31]. The bands at 1022 and
964 cm−1 are assigned to PO4

3− stretching vibrations while those at
601 and 563 cm−1 correspond to bending vibrations.

The spectrum for the polymer nano-composite showed a broad and
strong band between 3600 and 2500 cm−1 (Fig. 3c). This could be sug-
gestive of an overlap between a number of functional groups;
i) 3600–3300 cm−1 assigned to N\\H stretching vibration due to pri-
mary amide, ii) 3600–3000 cm−1 corresponding to alcoholic\\OH
stretching vibration due to some unreacted cellulose and nano-HA, iii)
3000–2800 cm−1 related to C\\H vibrational modes and iv)
3000–2500 cm−1 assigned to carboxylic\\OH due to un-neutralized
fraction of acrylic acid. The moderately strong band at
1674–1651 cm−1 is assigned to C_O axial deformation for the amide
group, indicating transformation of polyammonium acrylate to poly-
acrylamide on heating/dehydrating according to Scheme 3. The strong
spectral band at 1539 and 1404 cm−1 corresponds to N\\H bending vi-
bration for primary amide and\\OH bending vibration for\\COOH,
respectively.

Nano-composite showed stronger bands between 1300 and 1165
assigned to C\\O\\C and P\\O\\C bridging (Fig. 3c) relative to those
of cellulose (Fig. 3a), revealing the reaction of cellulosic and nano-HA
\\OH groups with the monomer (acrylic acid/ammonium acrylate).
The strong band at 1018 cm−1 observed in cellulose (Fig. 3a) and very
strong band at 1022 cm−1 observed in nano-HA (Fig. 3b) shifted to
1031 cm−1 further confirming the reaction of alcoholic\\OH groups.
Spectral band at 1022 cm−1 corresponding to PO4

3− for nano-HA
(Fig. 3b) also decreased in intensity when nano-HA was incorporated
into the copolymer. A strong band at 522 cm−1 was observed in poly-
mer nano-composite due to P_O stretching vibration for the PO4

3−

group.

3.4. Transmission electron microscopy (TEM)

The transmission electron microscopy (TEM) images of nano-HA
and polymer nano-composite are shown in Fig. 4. The images of nano-
HA synthesized in presence of TX-100 (non-ionic surfactant) displayed
a more of rod-shaped nano-particle agglomerates than those synthe-
sized without it (Fig. 4a & b). Iyyappan and Wilson [28] made a similar
observation and attributed the formation of rod-shaped nano-HA to
without TX-100, (c) cellulose-g-poly(acrylamide-co-acrylic acid)/nano-HA composite, at



Scheme 4. The ion-dipole interaction between Ca2+ and polyoxyethylene group of TX-100 leading to formation of hydrophobic complex [28]
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hydrophobic ring complex formed through ion-dipole interaction be-
tween Ca2+ and polyoxyethylene group of TX-100 according to
Scheme 4. The formation of this complex is thought to reduce the trans-
fer rate of Ca2+ to the growing crystals thereby reducing nano-particle
size under controlled conditions. The formation of nano- rods is also at-
tributed to adsorption of TX-100 onto certain planes of formed crystals
leading to growth of nano-particles in a preferential direction. The ag-
glomeration of nano-particles (Fig. 4a & b) was attributed to high spe-
cific surface energy that led to aggregation [32,33]. TEM images of
nano-composite (Fig. 4c) showed dispersion of nano-HAwithin the co-
polymer. Similarly, Ragu and Sakthivel [33] observed diminished ag-
glomeration of nano-HA in polymethyl methacrylate/nano-HA
Fig. 5. EDX spectra of (a) cellulose-g-poly(acrylamide-co-acrylic acid), (b)
composite at about 20 to 50 nm, an observation attributed to reduction
of surface energy of nano-HA by the polymer through its pendent PO4

3−

group.

3.5. Energy dispersive X-ray (EDX) spectroscopy

The energy dispersive X-ray (EDX) spectra of the cellulose grafted
copolymer, nano-HA and polymer nano-composite are shown in
Fig. 5. The spectrum of cellulose grafted copolymer (Fig. 5a) revealed
an intense carbon band at 0.2 KeV due to cellulose and acrylic chains
being themain constituents of the copolymer. Other elements detected
were oxygen (0.5 KeV) due to cellulose, sulphur (2.3 KeV) due to
nano-HA, (c) cellulose -g-poly(acrylamide-co-acrylic acid)/nano-HA.



Scheme 5. Neutralization reaction for the dissolution of nano-HA in acidic environment
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ammonium persulphate (radical initiator), Cu (0.9, 8 & 9 KeV) due to
the grid used during viewing, while Ca (3.7 KeV) and Fe (6.4 & 7 KeV)
could be part of the nutrients absorbed by the WH during growth. The
band characteristic of N was not observed as expected and this could
be due to absorption by the detector window. The X-ray transmission
by Beryllium window is almost 100% for energies N2 KeV, but it drops
to about zero at 0.5 KeV [34], hence X-ray line such as that of N
(0.4 KeV) is absorbed. The presence of carbon in the sample is also im-
plicated for low detection of N Kα (X-ray line) because of highmass ab-
sorption coefficient value of 25,500 cm2 g−1 [34].

Nano-HA spectrum(Fig. 5b) displayed themain constituents of sam-
ple as calcium (3.7 KeV), phosphorous (2.0 KeV), oxygen (0.5 KeV) and
carbon (0.2 KeV). Ca, P and O are expected in nano-HA lattice, while C
may be attributed to the existence of CO3

2– ions. Cisneros-Pineda et al.
[30] also obtained a peak due to carbon and attributed it to sensitivity
of apatite lattice to the substitution environment of the CO3

2– ions. This
substitution can either be type A where CO3

2– ions replace\\OH ions,
or type B where the CO3

2– ions replace PO4
3− ions [30]. Similar bands

were observed in polymer nano-composite (Fig. 5c), but the peaks
were more intense than those observed in nano-HA spectrum due to
oxygen and carbon (Fig. 5b), an observation attributable to cellulose
grafted copolymer fraction. Sulphur was also detected in polymer
nano-composite due to ammonium persulphate (radical initiator). The
rest of peaks due to Cu (0.9, 8.0 & 9.0 KeV) may have originated from
the grid, Te (3.8 KeV) and Si (1.8 KeV) are not related to the constituents
of the sample and could have probably originated from metal conduc-
tive layers and/or impurities.

3.6. X-ray diffraction (XRD) analysis

The X-ray diffraction patterns of WH, isolated dry cellulose, copoly-
mer without cellulose, cellulose grafted copolymer, nano-HA and poly-
mer nano-composite are presented in Fig. 6. The crude WH (Fig. 6a)
displayed diffraction peaks at 2θ = 21.6° corresponding to (020) crys-
tallographic plane reflections characteristic of cellulose I, and bands at
2θ=26.5°, 39.5° and 44° that could be related to cellulose Iβ structure.
The isolated cellulose (Fig. 6b) indicated diffraction peaks at 2θ = 16°,
22° and 34.5° assigned to (110), (200) and (004) crystallographic
plane reflections for cellulose I, respectively. The findings are in agree-
ment with those of [35–40]. The intense peaks observed in isolated
(mercerized) dry cellulose (Fig. 6b) may be attributed to restructured
H-bonds (coalescence) that increased crystallinity of cellulose
[25,38,39]. The copolymer without cellulose (Fig. 6c) displayed an
amorphous pattern. Cellulose grafted copolymer (Fig. 6d) showed a dif-
fraction band of lower intensity at 2θ=22° (200) for cellulose I crystal-
line allomorph, relative to the intensity of the same peak in the isolated
cellulose (Fig. 6b), confirming grafting of monomers onto cellulose. The
diffraction band in cellulose grafted copolymer at 2θ=26.5° (Fig. 6d) is
suggestive of the existence of some crystalline cellulose allomorph that
was not fully destroyed during alkali treatment, limiting the accessibil-
ity of –OH groups during the polymerization reaction. Nano-HA
displayed mainly diffraction bands at 2θ = 26°, 32°, 33°, 34.3°, 39.5°,
46.5°, 49.5° (Fig. 6e) assigned to (002), (211), (112), (300), (130),
(222), (213) crystallographic plane reflections, respectively
[29,31,33,41,42] The cellulose grafted polymer/nano-HA composite
(Fig. 6f) indicated a weak diffraction band at around 2θ=22° (200) at-
tributed to cellulose I allomorph,with the rest of the bands being typical
of nano-HA crystalline structure.

The degradation of the copolymer in soil and by soil microbial iso-
lates, and the potential agricultural implication of nano-composite
were carried out in separate studies [21,22,43]. The authors observed
enhanced degradation of cellulose grafted copolymer in soil microbial
culture relative to copolymer without cellulose [21]. Soil amended
with cellulose grafted copolymer showed statistically significant soil
mineral N content during 16 weeks incubation period relative to un-
treated soil, an observation ascribed to hydrolysis of amide-N. The pH
of soil amendments in the 2nd week of incubation ranged from
5.15–5.33 which increased to values ranging from 5.71–5.97 as at 16th
week [22]. This was largely attributed to the release of Ca2+ ions
which have the effect of neutralizing the acids. Polymer nano-
composite released solubilized P from nano-HA which is thought to
mainly depend on microbial action [22]. Soil bacterial species such as
Pseudomonous, Anthrobactor and fungi such as Aspergillus, Penicillium,
are implicated for solubilization of insoluble phosphates such as apatite
[44,45]. They secrete low molecular weight organic acids such as citric,
gluconic, lactic, oxalic and acetic acids to lower the pH and chelatemin-
eral ions. The acidification of soil microbial environment as well as rhi-
zosphere environment by plant root exudates under P limitation, is
considered to solubilize nano-HA according to Scheme5 [43]. According
to the lawofmass action, equilibrium shift to the right (solubilization) is
favored by increased concentration of H+ and continuousmining of Ca2
+ and H2PO4

− ions by plants.

4. Conclusion

Polymer nano-composite phosphate fertilizer was prepared by
grafting partially neutralized acrylic acid onto cellulose backbone in
presence of nano-HA. Nano-HA content enhanced hydrophilicity of
polymer nano-composite to an optimal SEQ value of 120 (g/g) at 2.5%
w/v, after which it declined. FTIR analysis indicated existence of chemi-
cal interactions between the nano-HA and the copolymer structure.
Synthesis of nano-HA in presence of a surfactant led to the formation
of rod-shaped nano-crystals. The main constituents of the polymer
nano-composite are C, O, Ca& P. N could not be detectedwith EDX spec-
troscopic technique. The X-ray analysis indicated that, dry cellulosewas
in the form of cellulose I crystalline allomorph. Diffractogram of cellu-
lose grafted copolymer displayed a more of amorphous pattern com-
pared to that of dry water hyacinth cellulose. Besides being part of the
copolymer network, nano-HA crystals were entrapped within the net-
work structure increasing the mechanical strength and hence making
it a feasible source of slow release P upon degradation and solubiliza-
tion. This could subsequently enhance P use efficiency and safe handling
of nano-particles, reduce production cost and environmental contami-
nation, as well as condition the soil due to increased moisture holding
capacity.
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