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ABSTRACT

Grafting polymerization of acrylic acid (AA) was undertaken onto cellulose powder (Cell) in presence of potassium fulvate
(KF) to produce semi-interpenetrating network structures. The grafting efficiency (GE) and grafting yield (GY) were studied
as and indicated that the grafting process was not influenced in presence of KF. KF was expected to be incorporated into
the cellulose backbone in the same course of the graft polymerization via polycondensation with groups from cellulose and
monomer. The simultaneous graft polymerization of acrylic acid and polycondensation processes of all components allows
formation of a more chemically active semi-interpenetrating network structure. Successful incorporation of KF to the
network structure was predicted from fourier transform infrared spectroscopy (FTIR) while enhanced Cu®* uptake
confirmed the better chemical activity with respect to the same network prepared in absence of KF. Furthermore, the wide
variation of the swelling potential as a function of the pH further corroborates the insertion of KF to the network structure.
Imaging with scanning electron microscopy (SEM) indicated morphological alteration on the surface which might be
related to the KF anchoring to the cellulose backbone. The developed superabsorbents showed increment in the water
absorption both in distilled water and salted solutions as well. The newly developed superabsorbent was applied as a
support for soil nutrients and their controlled release in soil was studied. The results proved efficiency of the
superabsorbent to warrant appropriate release of the nutrients according to the time regulations set by European
Committee of Normalization (ECN). Improved water retention was also an additional advantage.

Indexing terms/Keywords: superabsorbents, cellulose, acrylic acid, fulvic acid, grafting, soil fertilizers, slow
release.
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INTRODUCTION

Crosslinked polymers with a network structure and high content of hydrophilic functional groups are denoted as hydrogels.
The great potential to absorb significant amount of water distinguishes these materials from others [1-3]. This advantage
expanded the applications of such materials in horticulture and agricultural fields, and as carriers for drug delivery systems
and devices for controlled release [4-9]. The preparation and characterization of polysaccharides for possible use as
superabsorbents was studied intensively as a result of their biocompatibility and biodegradability [10, 11]. Natural
biopolymers from cellulose materials are interesting because they refer to renewable resources in addition to their non-
toxicity [12]. Their availability permits easier use in wide range of applications. Vinyl monomers were grafted onto
polysaccharides in the presence of crosslinking agents to cause crosslinking of the grafted chains which leads to
development of a network structure and this allows for advancing their properties [13, 14]. Cheap superabsorbents were
fabricated by grafting of monomers such as acrylic acid and acrylamide onto varieties of backbones including starch [15-
17], cellulose [18-20], carrageenan [21], lignin [22, 23], chitosan [24-26], wheat straw [27-29], sugarcane bagasse [30],
pineapple peel [31], salep [32] and guar gum [33].

Major applications of the developed superabsorbents are slow release devices particularly for soil nutrients [34, 35]. Humic
substances are abundant organic materials bearing multifunctional aliphatic and aromatic constituents and a high content
of functional groups [36]. Thus, they are beneficial materials for regulating the plant growth and in the root developments.
The photosynthesis process is enriched by their presence accompanied by associated improvement of the soil cluster
structure which helps absorption of nutrient elements [37, 38]. Likewise, fulvic acid contains over 70% of humic
substances, and usually carries over 70 minerals and trace elements as part of its molecular complexes [39]. These
structures are motivating because of their lower molecular weights, stronger acidities, and higher solubility in water as
compared to humic acids [40]. Simplistic solubility in both acidic and basic mediums is additional advantage which is quite
the opposite of humic acid that is soluble in alkali but not in acids. The higher biological activity and more oxygen
containing groups makes fluvic acid more imperative with respect to other humic substances [41].

Humic acids were elaborated as constituents in the course of preparation of superabsorbing materials [36, 37] in order to
elevate the biological activity and broaden their applications thanks to the multifunctionality of the incorporated humic
materials. These remarkable compensations of fulvic substances over similar humics lie beyond the suggestion of using
them as candidates to replace the humics in formulations related to superabsorbents especially those prepared with target
for use as devices for controlled release of soil nutrients. Accordingly employing a cellulose as backbone for grafting
polymerization of acrylic acid in the presence of potassium persulfate (KPS) as an initiator and methylenebisacrylamide
(MBA) as crosslinker while fulvic acid was additionally employed for improving properties like water absorbency and
retention, which is expected to contribute better in controlled release applications of NPK as soil nutrients.

2. EXPERIMENTAL
2.1 Materials

Acrylic acid (AA) was purchased from Sigma-Aldrich, USA. Potassium persulfate (KPS) was obtained from Loba Chemie
Co. India. N,N—methylenebisacrylamide (MBA) was ordered from Merck, Germany. Cellulose pure powder (Cell) and
potassium hydroxide were supplied from Sd. fine Chem., India. Leonaridite was obtained from Black Earth Humic LP.,
Canada. Potassium dihydrogen phosphate and ammonium nitrate (denoted together as NPK) were bought from Fluka.

2.2 Fulvic acid extraction from leonaridite

Fulvic acid was prepared by extraction from the available raw material leonaridite. The process starts with addition of 0.1M
of hydrochloric acid to leonaridite while stirring the obtained suspension at 60 °C for one h., then the solution was filtrated
and the solid residue was recovered and washed several times with distilled water. The obtained filtrate was distilled under
vacuum to get the fulvic acid as a light brown precipitate. Fulvic acid was neutralized and used as potassium salt [40].

2.3 Preparation of the (Cell-g-PAA)/KF superabsorbent composite

5.0 g Cell (25 wt. % with respect to AA) was suspended in 30 ml distilled water and the resulting slurry was transferred into
a three-neck flask, equipped with a stirrer, reflux condenser, nitrogen line and thermometer. The slurry was heated to 70
°C for 30 min and then purged with nitrogen for 15 min. to remove the dissolved oxygen from the system. KPS was added
as an initiator (1.0 wt. % with respect to AA) after being dissolved 10 ml of distilled water and introduced to the Cell
suspension to provoke radicals formation. 15 min. later, a solution was added including 20.0 g of partially neutralized AA,
1.0 wt. % with respect to AA of the crosslinker MBA as well as 0-10 wt. % with respect to AA of potassium fulvate which
was taken as a variable. The water bath was kept at 70 °C for 3 h. to ensure achievement of the polymerization. The
product was dehydrated with excessive amount of methanol and subjected to drying at 70 °C until constant weight is
reached. 1.0 g of the obtained dried crude product was ground into a fine powder and stirred in distilled water at room
temperature for 24 h. to eliminate the ungrafted polyacrylic acid and the mixture was filtered to isolate the graft copolymer.
The graft copolymer was washed several times with distilled water and dehydrated additionally with methanol. Drying the
graft copolymer was accomplished at 65 °C until constant weight. The grafting efficiency (GE) and yield (GY) were
calculated using egs. 1 and 2 [13, 42-44].

GE % = [(w1—w)/ (w2 —w)] x100 (2)
GY % = [(w2 — w)/w] x100 (2)
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where w, w1 and w» are the weights of cellulose, purified graft copolymer and total weight of crude polymer, respectively.
2.4 Characterizations

FTIR spectrophotometer (Jasco, Model 6100, Japan) was used for recording the IR spectra in the range 500 - 4000 cm™
at a resolution of 4 cm™. Dried samples were blended with KBr and pressed into discs before acquisition. The
morphological features of samples were examined using SEM (JSM-5500LV, JEOL, Ltd.) operated under vacuum, after
being gold coated with a sputter Coater (SPI-Module).

2.5 Water sorption measurements

A specific weight of the superabsorbent was immersed in distilled water at room temperature for 24 h. The swollen
samples were removed from the medium by filtration. The water absorbency, Q (g/g), of the superabsorbent composites
was determined by taking the weight difference of the samples before and after immersion in the water and applying the
following equation:

Q=(mz-my)/m (3)
Where m; and m; are the weights of the dry and swollen samples (g), respectively.
2.6 Swelling at various pH

A series of solutions with different pH values were prepared using dilute KOH and HCI solutions to adjust the pH.
Afterwards, 0.1 g of each superabsorbent polymer was added in the appropriate solution for 24 h. in order to measure the
swelling capacity according to Eq. (3).

2.7 Swelling in salt solutions

The swelling capacities of the superabsorbent polymers were determined in 0.15 M solutions of NaCl, KCI, NH4Cl, MgCly,
MnCl, and FeCls then the swelling capacity was calculated after Eq. (3).

2.8 Copper ion sorption

Adsorption of Cu?* was determined by atomic absorption (AA 200 series, Agilent, USA). Sorption was carried out by
stirring 0.1 g of superabsorbent polymer for 3 h. in 100 ml solution containing variable concentration of copper sulfate
(2000, 750, 500, 250 and 100 mg/L). After filtration, the remaing metal ions in the filtrate were determined using the AA
[36, 43].

2.9 Loading of NPK to the superabsorbent

The loading of potassium dihydrogen phosphate and ammonium nitrate was achieved by immersing a pre-weighed
amount of the dry superabsorbent into 500 ml of aqueous solution containing potassium dihydrogen phosphate (0.03
moIL'l) and ammonium nitrate (0.03 moIL'l) for 24 h. Subsequently, the swollen gel was dried at 40 °C for 3 days [28]. The
loading percentage was calculated using Eq. (4):

Loading % = [w3 - wg] / wz x 100 (4)
where wp and w; are the weights of unloaded and loaded dry gels, respectively.
2.10 Controlled release of NPK in soil

The release of N, P and K from Cell-g-PAA/KF in sandy soil as a porous material was demonstrated by conducting release
experiments. A soil column was built by filling 100 g of air-dried sand (840 um) into PVC pipe of 45 mm internal diameter
as a holder after homogeneously mixing with 1.0 g of the superabsorbent. The lower opening of the PVC pipe was sealed
by a nylon fabric and water was dropped slowly from the upper opening of the pipe using using a 25-ml burette until
saturation then the water was charged at a rate of one drop every 10 s. Afterwards, 10 ml of the soil water was collected
after 1, 3, 5, 10, 15, 20, 25, 30, and 60 days of incubation. The NPK components were measured separately using
element analyzer instrument (Elementar Vario El Ill, Germany) in case of N, colorimetric method based on
molybdovanadate reagent using a spectrophotometer (HACH, model DR/2010) in case of P while atomic absorption (AA
200 series, Agilent, USA) was employed in case of K [45, 46].

2.11 Water retention measurements

In a beaker, 2.0 g of Cell-g-PAA/KF-NPK was mixed with 100 g of dry sandy soil granules (below 840 um diameter) and
added to a 200 ml distilled water. The beaker was stored at a temperature and relative humidity of 25 °C and 31%,
respectively. The overall weight was followed every 4 days for a period of 4 weeks. A controlled sample was prepared
without the superabsorbent polymer. The water evaporation was calculated according to eq. 5:

Water retention (%) = 100 — [(w2 —w3) / 200] x 100 (5)

Where w; is the initial overall weight of the beaker components and ws is the weight after the predetermined time intervals
[47, 48].
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3. RESULTS AND DISCUSSION

3.1 Characterization of Cell-g-PAA/KF superabsorbent composite
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Fig. 1: FT-IR spectra of (A) cellulose, (B) potassium fulvate.

The characteristic IR bands corresponding to cellulose can be detected at 3414, 1638, 1336 and 1111 cm™' which belong
to OH stretching. Additional peaks that belong to CH stretching were also detected at 2901, 1371 and 896 cm . The
bands at 1430, 1320 and 1031 cm™ are ascribed to CH, along with bands at 1162 and 1057 cm™" revealing C o-C
stretchlng (Fig. 1a). Potassium fulvate correspondlng spectra was also recorded (Fig. lb) A group of peaks appeared at
1670 cm’ (C O asymmetric stretching), 1038 cm’ (C -0 stretchlng) and 3000-3800 cm ( OH or phenolic hydroxyls) are
typical bands for KF The peaks at 2930 cm™ and 2850 cm™ are additionally referring to CH and CHo, respectively. The

bands at 1607 cm™ and 714-761 cm™ are indicative of aromatic C=C and strongly H-bonded carbonyls of conjugated
ketones [49].

The resulting material from the grafting acrylic aC|d onto the cellulosic backbone was examined with IR spectroscopy (Fig.
2a) which show emergence of signal at 2830 cm™ (CH, stretching of the grafted polyacrylic acid). Another peak appeared
at 1625 cm™ is |nd|cat|ve of C=0 sites on the grafted polyacrylic acid. The OH groups were assigned by broad bands at
3000-3800 cm™ and this broadening is attributed to different environments of the hydroxyl groups originating from the
cellulose and polyacrylic acid as well. The incorporation of KF during the grafting polymerization should haver modified the
network structure as can be seen in Fig. 2b. The spectra is very similar to that of cell-g-PAA. However, a slight difference
can be detected in the sense of reshaping at the region of 1650-1750 cm™ of the carbonyl groups. The same can be
noticed in the region of hydroxyl groups as a result of additional environment provided by the linked KF which became a
permanent part of the interpenetrating network.
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Fig. 2: FT-IR spectra of (A) Cell-g-PAA and (B) Cell-g- PAA/KF superabsorbent composite.
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3.2 Morphology of superabsorbent composites

(a)

©

Fig. 3: SEM micrographs of (a) Cell-g-PAA, (b) Cell-g-PAA/KF, (C) Cell-g-PAA/KF-NPK superabsorbent
composite.

SEM micrographs representing Cell-g-PAA, Cell-g-PAA/KF and Cell-g-PAA/KF-NPK are exhibited in Fig. 3. Obviously, the
morphology of Cell-g-PAA shows a surface covered by grafted chains which is in accordance with a grafting process was
undertaken at the surface of the cellulose. The density of the grafted chains increased obviously on the surface in the
presence of KF, matching with a semi-interpenetrating network possessing some porosity (Fig. 3b). The denser grafting in
this case is expected to be favored by the KF. The NPK as fertilizer was loaded and some surficial traces can be detected
on the surface (Fig. 3c).

3.3 Effect of potassium fulvate content on the grafting parameters

Table 1. Estimation of GE% and GY% for grafting of acrylic acid onto cellulose as a function of KF content.

Cont. of KF, % 0 1.25 2.5 5 7.5 10
GE % 81.5 82 82.9 83 81.5 80
GY % 449 449.8 453.6 469.6 454.8 449.6

Potassium fulvate was employed in this study to enrich the chemical activity of the resulting graft copolymer. The
grafting process of acrylic acid on the cellulose backbone was taking place in presence and absence of KF and the impact
of this addition on the grafting efficiency was studied and summarized in Table 1. A trivial difference was observed for the
grafting efficiency which proves that the grafting process was not affected by the addition of KF. On the contrary, some
increase in the grafting yield was associated to increasing levels of KF below 5 wt. %. More than 5 wt. % of KF caused an
opposing effect on the grafting yield. The high content of hydrophilic groups after the functionalization of the graft
copolymer with KF is thought to have favored the grafting yield by capturing more acrylic acid to the network via
esterification reaction with its hydroxyl groups. However, homopolymerization of the acrylic acid was favored when KF
content was above 5 wt. % as a results of its water solvency and preference to react with the acrylic acid in the solution
and this provides a reasonable explanation for decline in water sorption when the content of KF exceeds 5 wt. %. Thus
above 5 wt. % the function groups are involved to a greater extent in polycondensation reactions which hampers the free
radical graft copolymerization hence capacity of water absorption is expected to be affected as will be shown in a next
section.
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3.4 Effect of potassium fulvate content on the water sorption
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Fig. 4: The influence of potassium fulvate content on the water sorption of Cell-g-PAA.

Fig. 4 indicates a water absorption of 350 g/g for cell-g-PAA alone. After the insertion of the fulvic acid, the water
absorption increased gradually as a function of the fulvic acid content and reached maximum at 5 wt. % reached
maximum (422 g/g) due to the acquired larger number of hydrophilic functional groups. Above this content of fulvic acid,
the water sorption was adversely affected which might highlight the fulvic acid acts as a crosslinker and limits the porosity
of the resulting superabsorbent. Nevertheless, this was explained in the work of Hua and wang explained this for similar
structure formulated from grafted sodium alginate with polyacrylic acid in the presence of sodium humate and described
the adverse effect of the sodium humate, which is similar in its structure to fulvic acid, by acting as a filler at higher
contents [50].

Fig. 5 shows the steps that took place for developing the interpenetrating superabsorbent structure. KPS as an initiator
attacks the backbone of the cellulose and works principally on the surface hydroxyl groups. Radicals are created as a
result of this attack. The radicals produced can start the graft polymerization of acrylic acid onto the backbone surface.
Some hydroxyl groups can be reacted directly with fulvic acid as well as acrylic acid forming ester linkages. This leads to a
reactive surface on the cellulose backbone. The linked acrylic acid still has the chance for free radical copolymerization by
the free initiating species in the medium or via coupling with another growing chain. An esterification reaction between a
linked fulvic acid on the cellulose backbone and free acrylic acid in the medium is also possible. Such reactions especially
in the presence of a difunctional monomer like methylenebisacrylamide gives a high probability for formation of
interpenetrating network bearing high content of reactive groups.
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Fig. 5: A representation for the steps involved in the buildup of of the interpenetrating network
structure.

3.5 Cu?* ion uptake
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Fig. 6: Effect of Initial Cu® concentration on its adsorption by Cell-g-PAA and Cell-g-PAA/KF superabsorbents.

It is well known that the structural characteristics of polymeric backbones can strongly influence their potential to uptake
metal ions. The efficiency of the prepared grafted cellulose with and without potassium fulvate for removal of metal ions
from solution was examined. The amount of Cu** ion uptake by coordination to the active sites of the networks is disclosed
in Fig. 6 which proves superiority of the modified network driven by the incorporated fulvic acid that contains more
carboxyl and hydroxyl groups and thereby a stronger tendency to chelate metal ions [36, 43, 51]. This can be considered
as an indirect proof for enhanced chemical activity after the insertion of fulvic acid salt as permanent part of network
structure.

3.6 Effect of pH on the swelling

The water absorption of the grafted cellulose with polyacrylic acid was investigated in comparison with the same graft
copolymer but after modification with fulvic acid as shown in Fig. 7. Generally, both structures behaved the same while the
difference was in the level of water absorption at the different pH values. Cell-g-PAA acquired maximum absorption of 384
g/g at pH 8 while the minimal absorption, 10%, was noticed at pH 2. After the modification of the graft network with the
potassium salt of fulvic acid (Cell-g-PAA-KF), it can be noticed that there was slight increase in the absorption in the acid
range below pH 6. At pH 6, the water absorption increased by 22% while this enhancement was only 18% at pH 8,
lessened to 7% at pH 10. This difference in the water absorption reveals some change in the network activity after the
insertion of the fulvic acid to the network structure. At low pH values (below 6) the concentration of H" is high thus a major
part of carboxylate groups are protonated form which hinders the anion-anion electrostatic repulsion.

Above pH 6 and up to pH 8, the carboxylate centers convert to COO’ resulting higher electrostatic repulsion and this
translates into larger absorption capacity. Increasing to pH beyond 8 decreases the swelling as there is a high content of
K" ions which interferes with the anion-anion repulsion. Greater carboxylate ions content within the network structure leads
to a drop in the potential of water absorption and increases leakage of water from the network due to the damaged
possibility of hydrogen bond formation between water and carboxylate centers which causes collapse of the network [51].
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Fig. 7: Effect of pH on the swelling potential of Cell-g-PAA and Cell-g-PPA/KF.
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3.7 Effect of salt solutions on the swelling
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Fig. 8: Effect of various salts (0.15M) on the water absorbency.

Fig. 8 demonstrates how the water absorption of the prepared network structures are affected in the presence of salts in
the absorption media. Cell-g-PAA acquired water absorption of 48 g/g against 59 g/g for Cell-g-PAA-KF in presence of
NaCl. In case of KCI, they acquired absorption levels of 27 g/g and 34 g/g, respectively, which was almost the same in the
presence of NH4Cl. There were remarkable drop in the water absorption in the presence of MgCl, and MnCl,. However,
the drop was serious in case of FeCls. It is obvious that the incorporation of fulvic acid to the network structure plays a role
to counteract the bad effect of the salts on the water absorption, and this role is ruined as long as the valency of the metal
ions increases. This can be justified by charge screening in case of the monovalent cations, while in case of the divalent
cations, complexation of the carboxylate groups with these cations creates crosslinking that hinders the expansion of
these structures. When FeCls is present, the crosslinking intensifies due to its trivalency and consequent increased
electrostatic attraction with the anionic center of the network structure [52-54]

3.8 Water retention behavior of Cell-g-PAA/KF-NPK superabsorbent composite in soil

The better ability of the superabsorbent, Cell-g-PAA/KF, with respect to the other superabsorbents, it was loaded with
NPK nutrients and the water retention in soil was explored at room temperature and 31% humidity. The soil ability to
retentive the water was also considered for comparison (Fig. 9). After 28 days, the soil containing the superabsorbent
showed slightly larger capacity of water retention as compared to the soil alone and the obtained retention levels were
very close to similar superabsorbents built up from the graft polymerization of acrylic acid onto a backbone of chitosan
coupled chemically to cellulose [55]. This confirms the role played by superabsorbents in soil to delay the water
evaporation [56, 57].
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Fig. 9: The water retention of (a) soil with the superabsorbent Cell-g-PAA/KF-NPK and (b) soil.
3.9 Fertilizer release in soil

The release of NPK from superabsorbent polymers is affected by the soil type, cation exchange capacity (CEC), the water
content and concentration of NPK. CEC seems to be a dominating parameter in this study as potassium a major part of
the network structure after being inserted as a salt of both acrylic and fulvic acids during the polymerization.

Figs. 10-12 display the release of the nutrients from the superabsorbents in comparison with the direct release from free
NPK. Fig. 10b reveals a steady release of N, namely 13.82 %, 27.42 % and 74.03 % after 3, 5 and 30 days, respectively.
In case of P (Fig. 11b), the corresponding released values were in the order of 12.42 %, 25.43 % and 71.56 %,
respectively, while the K levels were 12.94 %, 26.64 % and 72.23 % after the same time intervals (Fig. 12b). This
ensures the adherence of these devices to the regulations the European Committee of Normalization (ECN) which states
that the total released levels of NPK should neither exceed 15% after 3 days nor 75% after 30 days [58, 59]. On the
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contrary the release from the free NPK samples exhibited more than 85% within 3 days (Figs. 10-12a) which indicate the
uncontrollable liberation of the fertilizers in absence of the superabsorbent.
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Fig. 10: Slow release of nitrogen in soil from (a) Cell-g-PAA/KF-NPK superabsorbent composite
compared to (b) free NPK fertilizer.
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Fig. 11: Slow release of phosphorus in soil from (a) Cell-g-PAA/KF-NPK superabsorbent composite
compared to (b) free NPK fertilizer.
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Fig. 12: Slow release of potassium in soil from (a) Cell-g-PAA/KF-NPK superabsorbent composite compared to (b)
free NPK fertilizer.

4. CONCLUSIONS

Grafting polymerization of hydrophilic monomers like acrylic acid onto cellulose in presence of a crosslinking agent and
fulvic acid derivative can yield a semi-interpenetrating superabsorbent with enhanced chemical activity as a result of the
greater content of reactive groups such as —COOH and OH. The produced structures are exhibiting variable tendency of
water absorption over a wide range of pH values as a result of the acquired chemical modification by the insertion of KF,
which can be additionally translated into incremented water absorption and elevated potential to uptake cu? from its
solution. The enrichment of the chemical structure and broadening of its chemical environment enhanced also the
possibility of its application as devices for controlled release of soil nutrients and improved capacity to hold the water
preventing its evaporation.
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