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Cheap and efficient way for sustained release of micronutrient through modified prosopis gum: Mechanism and kinetic of boron and zinc release in water and soil 




Abstract

Conventional method of fertilizer application leads to loss of plant nutrient through leaching, run-off, volatilisation, denitrification etc. These in turn affect the health of environment directly or indirectly. The use of controlled release fertilizers (CRFs) starts to evolve as a promising direction by offering an excellent means to improve management of nutrient and by reducing environmental threats. In this aspect, plant polysaccharides are of special interest as they are easily available, safe to environment and easy to modify. Adopting microwave assisted technique, prosopis gum-based hydrogel loaded with boron and zinc was synthesized. The synthesized hydrogel was characterized by elemental analyzer, FTIR, EDX and SEM. Release patterns studied in water revealed that % cumulative release of boron and zinc during the span of 6 days were 51-58% and 59-68 % repectively. In the soil, it was found to be 62-74 % and 52-58% upto 20 days beyond which the release patterns were constant. The kinetics study revealed that both boron and zinc follow Fickian mechanism (n<0.5) in water whereas in the soil it follows non-Fickian mechanism (n>0.5). Sustained release of boron and zinc was achieved with a half-life of 33-57 days and 49-86 repectively. 
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1. Introduction 
Proper crop nutrients management is extremely important for maximum yield of the crops. Based on the requirement of the plant, nutrients are broadly classified as macronutrients and micronutrient [1] [Table 1]. However, micronutrients are often negelected and in many cases the crop yield is hampered without timely intervention. Even though demands for micronutrients are small in quantity, these nutrients directly affect crop growth and development even when all other nutrients are present in adequate amount [2]. One micronutrient that has profound role in plant is boron which has intergral role in cell wall synthesis and in maintaining structure integrity. Plants take up boron in the form of small uncharged boric acid (H3BO3) or B (OH)3 [3, 4]. About 50% of the world’s potentially arable soils are acidic. In such soils, deficiencies of anionic plant nutrients Boron (B) through fixation and leaching are foremost factors limiting crop production. Boron deficiency also leads to considerable yield reduction in many annual, cereal, legume/pulse, oilseeds and perennial crops [5, 6]. Zinc is another essential micronutrient that is necessary for plant growth and development. In many enzymes, zinc acts as a functional, structural, or regulatory cofactor, control of gene expression, stabilizing RNA and DNA among others [7]. Plant deficient of Zn are reported to be more susceptible to diseases [8, 9]. As a matter of fact, Zinc and Boron are classified as one of the most major nutrient deficiencies in the soil world wide [10]. It is necessary to supplement them externally.
Furthermore, it is to be noted that the presence of one element can impede the availability of other elements or have synergestic effect. Therefore, it is essential to know the antagonism-synergism effect of various elements while formulating fertilizers or micronutrients. Fig.1b shows Mulder’s chart which can provide useful information regarding this [11]. Based on Mulder’s chart, it is unlikely that B and Zinc would have antagonism-synergism interaction when they are applied together as matrix formulation. 
Control Release Formulation (CRF) is often used as means of nutrient release in agricultural practices. This method can deliver nutrients at a desirable rate and dose for extended period of time [12-15]. This is achieved through matrix formulation in which plant nutrients are dispersed in the matrix and diffused through pores or channels. Plant polysaccharides because of their excellent properties have been employed for decades for controlled release of plant nutrient [16, 17].  
Prosopis gum (PG) also known as Mesquite gum is an exudate extracted from the bark of Mesquite trees (Prosopis sp.). Mesquite trees belong to leguminous family and are widely occurred in arid & semi-arid regions of the globe. Major producer species of this gum are Prosopis juliflora and Prosopis laevigata [18]. The gum is somewhat similar to Gum Arabic both in physical appearance and functional properties. The main functional properties of prosopis gum are its 
 (
Table 1
.  
Lists of essential macro and micronutrients
 [1]
. 
) water solubility, intrinsic viscosity, surface activity, emulsifying ability, encapsulating capacity etc. All these unique properties make the gum a functional hydrocolloid [19-22]. The gum has also been used in edible films and coating for extension of shelf life of fruits [23]. 

	Essential plant nutrients

	Primarly Macronutrients
	Secondary Macronutrient 
	Micronutrients

	Nitrogen (N)
	Calcium (Ca)
	Boron (B)

	Phosphorus (P)
	Magnesium (Mg)
	Zinc (Zn)

	Potassium (K)
	Sulphur (S)
	Iron (Fe)

	
	
	Manganese (Mn)

	
	
	Copper (Cu)

	
	
	Molybdenum (Mo)

	
	
	Chlorine (Cl)

















1.2. Composition and Chemical Structure of prosopis gum
Chemical structure of Prosopis gum is comprise of backbone chain of (1-3)-linked β-D-Galactose units and (1-6)-linked branches containing L-Arabinose in pyranose & furanose ring form, L-rhamnose, β-D-glucuronate& 4-O-methyl-β-D-glucuronate as single monomer unit or as oligosaccharide side chains [24, 25]. Studies revealed that prosopis gum obtained from Prosopisvelutina upon acid hydrolysis yields principal carbohydrate residues of L-Arabinose & D-Galactose, and traces of D-Glucuronate, D-Mannose & D-Xylose [26, 27]. Little amount (approximately 4%) of uronic acids (glucuronic acid) was also reported. The main difference in composition of Prosopis gum as compared to gum arabic is absence of L-rhamnose in the former 
[28]. [Fig. 1a]. Protein in the gum is chiefly composed of serine, hydroxyproline, valine and glycine which are mainly responsible for its emulsification ability [29]. Since the gum is still unexplored and has not been utilized in the field of nutrient delivery system, slow controlled release formulation for Boron and Zinc was synthesized using the gum. This paper reports the release pattern of boron and zinc in water and soil and their release kinetic.
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Fig 1
. 
(a)
 Chemical structure of Prosopis gum (PG) [27], 
(b)
 
Mulder’s chart of antagonistic (solid lines (and synergistic (dashed lines) elements
.
)



2. Material and methods
2.1. Materials  
Boric acid (H3BO3) and Zinc sulphate (Zn2SO4) were purchased from Sigma-Aldrich.
Prosopis gum was procured from local market, other chemicals like NN’MBA and acrylamide were purchased HIMEDIA, Mumbai, India. 

2.2. Synthesis of micronutrients loaded hydrogel 
In situ incorporation of boric acid (H3BO3) and Zinc sulphate (Zn2SO4) (0.5 mg each) in Prosopis gum solution was carried out adopting microwave assisted technique for synthesis. For this gum solution was prepared, acrylamide, NN’MBA and KPS were added into the solution mixture with uniform stirring through magnetic stirrer. The yielded hydrogel with uniformly distributed B and Zn was achieved throughout the gel network. The optimized dosage of the initiator and monomer were evaluated from the percentage grafting, calculated as: 



2.3. Characterization 
The synthesized hydrogel was characterized using the following instrumental techniques:
2.3.1. Elemental analysis
The estimation of four elements, i.e., carbon, hydrogen, nitrogen, and oxygen, was under taken by Elemental Analyzer (model: Vario EL III, Make –M/s Elementar, Germany).

2.3.2. FT-IR analysis 
Presence of functional group was determined by Fourier Transform Infrared Radiation (FTIR), Model: IRPrestige21, Shimadzu Corporation, Japan). Condition for analysis: 400 to 4000 cm−1, resolution of 4 cm−1using KBr pellet method. 

2.3.3. EDX 
Distribution of Boron and Zinc was confirmed by Energy Dispersive X-ray Spectroscopy (EDX) analysis, equipped with SEM, Oxford EDX, DCL 7673 model. 

2.3.4. Scanning Electron Microscopy (SEM) analysis 
The surface morphology was evaluated by Scanning Electron Microscopy (model: JSM-6390LV, Jeol, Japan).

2.4. Release study 
Nutrient release study of B and Zn in water at 25°C was done following USP drug dissolution study protocol [30] in dissolution rate test apparatus (Simeco, Kol-25). Release pattern of boron and zinc were studied in water and soil. For water system, solutions containing the matrix were stirred at 65rpm for sufficient time. Aliquot was drawn at interval and amount of micronutrient release from hydrogel into water was determined by UV-VIS spectrophotometer at λmax = 430 nm for Zinc [31] and 420nm for boron [32] using standard calibration curve [Fig.2].  The cumulative release (%) was calculated as [33, 34]:

Where Mt and M∞ are the amount of micronutrient released at time‘t’and initial loaded micronutrient contents, respectively. Release study of micronutrient in continuous releasing in water is parallel with stagnant water system. 
Similarly, release study was also performed in soil to see its application in the field of agriculture. For this, hydrogel was put into permeable tea pouches which were buried in plastic beaker containing 200 g of dry soil at 2.0 cm depth. Then, 150 mL of distilled water was added to each beaker and kept at room temperature. One package was removed after every 2 days. The hydrogel was put in 100mL distilled water [33, 34]. The amount of micronutrient extracted from the hydrogel into the water was estimated by UV-VIS spectrophometer using the above equation. 








 (
Fig. 2.
 
Standard calibration curve
s
 of boron and 
z
inc
 using UV-VIS spectrophotometer
)[image: ]
2.5. Kinetic study
Similarly, the drug release kinetics of hydrogel was determined by using the well-known equation [35, 36].
(2)
Mt, is the amount of micronutrient release at time ‘t’ andM∞ initial loaded micronutrient contents respectively. And k is releasing factor and the releasing exponent ‘n’ describes the type of diffusion. The above equation can be linearized as [35, 36]: 

The values of n, k and R2 were calculated from the plot of log (Mt/M∞) vs log (t) for all the matrix tablets using the above equation. The above equation is applicable for only if the first 60% of the fractional drug release from the tablet occurs (Mt/M∞ ≤0.6; log Mt/M∞≤–0.22) [37]. If the calculated ‘n’ value is less than 0.5, then release pattern follow Fickian diffusion where diffusion rate is usually less than the rate of relaxation [38]. If ‘n’ value lies between 0.5-1.0, then it is non-Fickian diffusion (diffusion rate and relaxation are the same) [38]. When the value of ‘n’=1, the diffusion follows zero order kinetic and this is true for most erodible matrices. The half-life was determined using the formula =0.693/k

3. Results and discussion
3.1. Synthesis of micronutrients loaded hydrogel 
Prosopis Gum based hydrogel was synthesized using microwave assisted technique [39, 40]. For this, 1 g of gum was dissolved in 50 ml distilled water in a magnetic stirrer. Selective quantity of acrylamide (5 g) was slowly added into the solution and mixed well. Then 0.1 g of initiator (KPS) and 0.1 g of cross linker (NN’MBA) were added into it with constant stirring to get uniform homogenized solution [41]. Simultenously, in situ incorporation of boric acid (H3BO3) (awater soluble source of B) and Zinc sulphate (water soluble source of Zinc), each 0.5mg into the solution mixture was done with uniform stirring. The whole reaction mixture was subjected to microwave reactor at 700 W (model: Catalyst TM system CATA 4 R) until a solid gel like mass was produced [41, 42]. The irradiation was then stopped at 70 °C and resulting gel mass was precipitated with excess of acetone for 72 h to remove any competing homopolymer [43]. Following the same method, different grades of hydrogel were synthesizedby varying the amount of cross-linker and %graftingwas calculated [Table 2]. It was found that beyond 0.5 g of cross-linker the % grafting decrease. This was due to unavailability of free sites because of competition for space among the grafted chain [44] or termination of free radicals due to bimolecular collision. A similar phenomenon was also observed during synthesis of carrageen-based hydrogel [45].  
	
Grades
	Amount of monomer (g)
	Amount of cross-linker (g)
	% Grafting
      (G%)

	PG-g-AM-cl-NN’MBA 1
	5
	0.1
	670

	PG-g-AM-cl-NN’MBA 2
	5
	0.2
	700

	PG-g-AM-cl-NN’MBA 3
	5
	0.3
	730

	PG-g-AM-cl-NN’MBA 4
	5
	0.4
	850

	PG-g-AM-cl-NN’MBA 5
	5
	0.5
	900










 (
Table 
2. 
Synthesis of 
different grades of Prosopis gum-based hydrogel (PG
-g-AM-cl-NN’MBA)
 for controlled release of Boron and Zinc 
)

3.2. Mechanism involved in the synthesis of cross-linked PG loaded with boron and zinc

During the process of synthesis, the initiator (potassium persulfate) react with OH group present in the gum polysaccharide to form alkoxy radical on the substrate (gum) thereby creating an active centre [42, 43]. This active centre further initiated free radical polymerization reaction of acrylamide with NN’MBA and resulted in the formation of complex network of cross linked products as depicted in PIC 2. 
 (
PIC 2
. 
Proposed mechanism involved in synthesis of hydrogel (PG-g-AM-cl-MBA) loaded with B & Zn using ‘Microwave assisted technique’
.
)[image: ]


3.3. Swelling index of hydrogel
[image: ]Swelling index of a hydrogel is important as it indicate its water absorption capacity when place in different environment. This index is a crucial parameter for understanding a hydrogel's suitability for various applications, particularly in areas like wound dressing, tissue engineering, and control realse. Under slightly low pH, sufficient H+was available to protonate the CONH2 moieties present in the polymeric chain of hydrogel. This resulted in mutual repulsion between two polymeric chains of the hydrogel and so high swelling index was observed [46]. This type of phenomena was also observed in many synthetic hydrogel [47]. Under slightly alkaline condition (presence of OH), COOH existed as anion (COO-) and consequently mutual repulsion between polymeric chain occurred. Hence high swelling was also observed [48]. Furthermore, increased in temperature induce higher swelling index because of the rupture of weak bonds existing between cross-linked and monomer chain. Fig. 3 shows swelling index of PG based hydrogel at different pH and temperature.
 (
Fig. 3. 
Swelling index of PG hydrogel subjected to different pH and Temperature
)




3.4. Characterization
3.4.1. Elemental Analysis
When analysed under Elemental analyzers, the percentage of Carbon, hydrogen and oxygen were found to be in 36.23, 7.02 and 56.75 % respectively. Whereas, in hydrogel the % was found to be 40.23, 8.12, 38.32 respectively with additional 13.33% for nitrogen (Fig.4a). 

3.4.2. FTIR
From the FTIR spectra (Fig.4b), Gum of prosopisdisplayed characteristic broad peaks at 3240 cm-1and 2900cm-1 due to O-H and C-H stretching respectively. The peak at 1050 cm-1 and 1650 cm-1 were due to C-O-C stretching vibrations and O-H bending mode [49].The glucuronic acids present in the gum polysaccharide also displayed a specific peak at 1400 cm-1 due to carbonyl stretching. In the case of synthesized hydrogel spectrum, the peakat 3200cm−1 (O-H stretching) was reduced to lower intensity and shifted to longer wave-length at 3401 cm-1. This suggested that hydroxyl group was now involved in formation of covenant bond with the cross linker, NN’MBA. Moreover, absorption band at 1650 (H-O-H bending) vanished which was present in crude Prosopis gum confirming grafting was successful [50].

3.4.3. EDX Analysis 
Energy dispersive X-ray spectroscopy analysis of the Prosopis Gum based hydrogel also confirmed the presence of boron and Zinc as major components along with other elements viz. S, O, P, and K (Fig.4c).

3.4.4. SEM Analysis
Fig.4d & 4e shows two distinct surface appearances of Prosopis gum and synthesized hydrogel under SEM analysis with 20 kV and 500X magnifications. In the case of the former, the surface was smooth without any crack and fissure while the later exhibited profound morphological changed with numerous macro and micro pores. This confirmed successful grafting (Fig.4e). Along with other techniques, SEM analysis is often used as a confirmation proof for successful grafting onto polymer.
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 (
Fig. 4. 
a)
% of C,H,O& N as analyzed by Elemental analyzer
b)
 FTIR spectra of Prosopis gum and hy
d
rogel 
c)
E
nergy Dispersive X-ray spectroscopy analysis 
d)
 SEM image of crude prosopis gum and 
e)
 SEM image of hydrogel.
)












3.5. Release behavior
Fig 5a & 5b represents release behavior of the B and Zn micronutrient in water from various hydrogel grades. It was observed that the cumulative release of B from different hydrogel grades was 51-58% during the span of 6 days. Whereas, in the case of Zn, cumulative release was found to be 59-68 % during the span of 6 days. The low release of boron was due to low solubility of Boric acid (5.7 g/100ml at 25oC) in water when compared with Zinc whose solubility was higher (57.7g/ 100ml at 25oC). Furthermore, the release rates for all hydrogels grades increased regularly and then became more or less constant after 108 hrs in water. It was also observed that increased in % grafting displayed better sustained release in both cases.
Fig. 5c & 5d shows the release behavior of boron and zinc from different grades of hydrogel in the soil. The cumulative release of boron in the soil ranges from 62-74 % for all the grades upto 20 days beyond which the release was more or less constant. It could be possible that small fraction of boron (H3BO3 & H2BO3-) was fixed on soil colloid either physically or chemically [51, 52].  In the case of zinc, it was found to be 52-58 % upto 20 days beyond which the release was more or less constant. From the study it was confirmed that cumulative release of zinc was far lower than boron in the soil. This could be because zinc (II) cations are strongly adsorbed by negative clay colloids [31]. Mechanism of B and Zn fixation in the soil is depicted in Figure 6.














 (
Figure 5. a) 
Release pattern of Boron from hydrogelin water 
b)
 release pattern of Zinc from hydrogel in water 
c)
 release pattern of Boron from hydrogel in soil and 
d) 
release patter of zinc from hydrogel in soil.
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 (
Figure 
6. 
Mechanism of nutrients (B & Zn) release in the soil.
)



3.6. Kinetic study 

The diffusion exponent ‘n’ and diffusion constant ‘k’ of boron and zinc released from hydrogels in water and soil were calculated from the plot oflog (Mt/M∞) vslog (t) (Fig. 7). The calaculated value of kinetic parameters are summarized in Table 3. It was observed that the value of ‘n’ for boron and zince in water were all less than 0.5. This indicates that PG-g-AM-cl-NN’MBAs hydrogel follow Fickian release behaviour. This suggested that the nutrient release in the hydrogel was predominantly controlled by rate of relaxation of the hydrogel while diffusion was the secondary means of nutrient release [38]. Furthermore, it was observed that the half-life was dependent on cross-linking density of the hydrogel which was highest in the case of PG-g-AM-cl-NN’MBA5 with highest % grafting. 
Likewise, the kinetic release of boron and zinc in the soil revealed ‘n’ values to be higher than 0.5. This means both boron and zinc follow non-Fickian mechanism in the soil which suggested the rate release is controlled by diffusion and relaxation of the hydrogel. The half-life was found to be 33-57 days in boron while for zinc it was found to be 49-86 days [For comparison with other available CRF, see Table 4]. Thus, it can be said that for all the hydrogel grades, the total cumulative release value in water was far higher than soil [53, 54].  In the soil, the nutrients are released from hydrogel when hydrogel got swollen by soil solution [53, 54]. The solution, then, dissolved the soluble part of nutrient, and thenutrient molecules slowly diffused through the pores of hydrogel releasing it into the soil. The over all study indicated that PG hydrogel (PG-g-AM-cl-NN’MBA) displayed great potential as a matrix for nutrient delivery ensuring sustained supply of boron and zinc which confirmed its edge over the conventional fertilizers.
 (
Fig
ure
. 7.
 Plot of 
log (
Mt
/
M
∞) vs
 
log (
t) for control release of Boron and Zinc in the soil.
)[image: ]






3.7. Advantage of modified plant polysaccharide as controlled release matrix
Prosopis gum being plant-based carbohydrate material acts as food for the microbes and is highly prone to microbial degradation [55]. This degradable nature is what makes plant polysaccharide-based hydrogel eco-friendly and environmentally acceptable [56]. Fig. 8 shows the SEM images of hydrogel before and after 30 days burial in the soil. The hydrogel displayed structural changes with numerous cracks and fissures due microbial attack and other degradation forces.


 (
Figure
 8.
 SEM image 
of 
a)
 
Hydrogel before incorpartion in the soil 
b)
 
hydrogel 
after 
30
 days burial in soil.
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	Boron release kinetic profile in water

	Grades
	n
	k
	Half-life (hrs)

	PG-g-AM-cl-NN’MBA 1
	0.225
	0.051
	326

	PG-g-AM-cl-NN’MBA 2
	0.231
	0.048
	346

	PG-g-AM-cl-NN’MBA 3
	0.245
	0.043
	386

	PG-g-AM-cl-NN’MBA 4
	0.255
	0.038
	437

	PG-g-AM-cl-NN’MBA 5
	0.265
	0.034
	489

	Zinc release kinetic profile in water

	PG-g-AM-cl-NN’MBA 1
	0.342
	0.068
	244

	PG-g-AM-cl-NN’MBA 2
	0.360
	0.062
	268

	PG-g-AM-cl-NN’MBA 3
	0.381
	0.05
	332

	PG-g-AM-cl-NN’MBA 4
	0.401
	0.049
	339

	PG-g-AM-cl-NN’MBA 5
	0.408
	0.042
	396

	                                      Boron release kinetic in soil                            half-life in days  

	PG-g-AM-cl-NN’MBA 1
	0.54
	0.021
	33

	PG-g-AM-cl-NN’MBA 2
	0.56
	0.019
	36

	PG-g-AM-cl-NN’MBA 3
	0.58
	0.017
	40

	PG-g-AM-cl-NN’MBA 4
	0.59
	0.013
	53

	PG-g-AM-cl-NN’MBA 5
	0.63
	0.012
	57

	Zinc release kinetic in soil (half-life in days)

	PG-g-AM-cl-NN’MBA 1
	0.51
	0.014
	49

	PG-g-AM-cl-NN’MBA 2
	0.54
	0.012
	57

	PG-g-AM-cl-NN’MBA 3
	0.71
	0.011
	63 

	PG-g-AM-cl-NN’MBA 4
	0.85
	0.010
	69 

	PG-g-AM-cl-NN’MBA 5
	0.98
	0.008
	86
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Table 3
. 
Calculated values of different release 
kinetic
 
p
arameters of boron 
and zinc
 in water and soil with T
50 
(half-life).
)








	Sl no. 
	Polymer
	Active ingredient
	    Plant
	Release time
	Reference

	1
	Gelatin
	Ammonium    
    nitrate
	Cucumber,
Tomato
	2 days
	[57]

	2
	Double hydrogel network of sodium alginate and
polymerization of 𝛽-cyclodextrin, acrylic acid, and
acrylamide in the presence of halloysite
	Urea
	Cotton
	4 days
	[58]

	3
	Inorganic materialsand organic polymers
	Urea
	Orchards
	7 days
	[59]

	4
	NaCMC and carrageenan (CG)
	Zinc
	Wheatgrass
	10 days
	[60]

	5
	Wheatstraw
	Urea
	Tomato
	10 days
	[61]

	6
	corncob-g-poly (acrylic acid)/bentonite
	Urea
	Cottton
	30 days
	[62]

	7
	Acrylic acid
	Urea
	maize
	40 days 
	 [63]

	8
	ZnO Nanoparticle
	Zinc
	Cyamopsissp.
	30-40 days
	[64]

	9
	Composites made of biopolymers (microcrystalline
cellulose, chitosan, and alginate) and ZnOnanoparticles
	Zinc
	Maize
	30 days
	[65]

	10
	Poly(hydroxybutyrate)
	NPK
	Lettuce seed groups 
	30 days
	[66]

	    11
	Hydroxy propyl methyl cellulose, PVA, glycerol and blended pape
	urea
	Cotton
	44 day
	[67]

	   12

	Polyurethane (PU) was copolymerized with
hydroxypropyl-terminated polydimethylsiloxane (HP-PDMS
	Urea
	Maize
	over 60 day
	[68]

	13
	Bio-based epoxy
	NPK
	Vegetable
	60 days
	[69,70]

	   14
	PG-g-AM-cl-NN’MBA
	Zinc & Boron
	Not specified
	86 days
	This study



 (
Table 4. 
Types of Hydrogel
s
 used as controlled release
 for nutrients 
with their release rate
.
)





Conclusion
The rate of release of zinc is faster than boron in water as zinc sulphate is more soluble than boric acid. It was observed that cross-linking density affect the release rate in all the cases. The kinetics study suggested that release of boron and zinc follow Fickian mechanism (n<0.5). This means in water, the nutrient release is largely controlled by relaxation of the hydrogel. However, in soil it follows non-Fickian mechanism (n>0.5) which means the release rate is controlled by hydrogel relaxation and diffusion method. The half-life was observed to be 33-57 days for boron and 49-86 for zinc in soil. 
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