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ABSTRACT: Conventional fertilizers release nutrients quickly thereby resulting in
a poor nutrient use efficiency and environmental losses. In the present study, we
developed a MAP fertilizer from lignocellulosic biomass and compared nitrogen
phosphorus (NP) release characteristic from it with those of urea and DAP. The
nutrient release studies showed that N from MAP was released 9 folds slower than
from urea and 3-folds less than DAP. Phosphorus release was also found to be 2.4
times lower compared to DAP, suggesting controlled (and sustained) nutrient
availability. The tomato field test (Solanum lycopersicum L.) showed that MAP
treatment significantly enhanced plant vigor and sustained leaf greenness throughout
the growing season. When compared with control application of fertilizers, MAP
treated plants enhanced fruit yield/plant by 64%, Fruit weight by 63 % and wet and
dry biomass respectively in the order of 21% and 23%. Fruit yield, fruit weight
and wet and dry biomass were all increased significantly in MAP treated plants
compared with untreated and control treatments. These results indicate that
lignocellulosic biomass-derived MAP fertilizers not only synchronize nutrient
supply with crop demand, but also enhance N and P use efficiency substantially in
addition to the increase in tomato productivity. Their utility as environmentally
friendly alternatives to mineral fertilizers in intensive horticultural systems is
stressed.

1. INTRODUCTION

The world population is projected to reach 9.7 billion by 2064 [1], and, hence, there will be an enormous demand on agricultural
systems to increase the production of food. Under such scenarios, current fertilization strategies seem insufficient to meet the
future demand for food unless resources are used more effectively. But the nutrient use efficiency (NUE) of traditional
fertilizers is intrinsically low, with 30-35% applied nitrogen (N), 18-20% phosphate (P), and 35-40% potassium being efficiently
utilized by crops [2]. As a result, farmers apply excessive fertilizers to support yields, resulting in higher production cost and
more energy consumption. This method has subjected farming systems not only to economic/market limitations but it also
questions their sustainability from an agricultural perspective. Over application of fertilizer has been broadly associated with
environmental problems such as greenhouse gas emissions, nutrient leaching, eutrophication of water bodies, and soil
degradation [3].

Nitrogen is a basic element for plant growth, yield formation and product quality [4] and phosphorus influences root
development, energy transfer in the form of ATP and reproductive processes. Magnesium, as the central atom of chlorophyll
is necessary for photosynthesis, carbon metabolism and enzymatic regulation. Huge nitrogen and phosphorus fertilizers
quantities are routinely used to maintain high yields in intensive cropping system. Nevertheless, NUE is continuously decreasing,
especially in developing agricultural areas [5,6]. The inefficacy of traditional fertilizers is mainly due to the rapid solubility and
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leaching, volatilization, surface runoff and fixation reactions in soils as an aftermath nutrient losses. These restrictions have
redirected attention toward the advancement of new fertilizer technologies that can enhance nutrient use efficiency and
synchronize nutrient availability with crop demand.

Controlled-release and slow-release fertilizers (CRFs/SRFs) as an effective supplements or substitutes for conventional
fertilization by controlling the release of nutrients from either physical coating or chemical modification thus reducing loss and
increasing NUE [7-14]. In recent years, the biodegradable and renewable nature of carrier materials has gained more attention
especially carriers produced from lignocellulosic biomass such as agricultural residues and agro-industrial by-products.
However, lignocellulosic substrates are characterized by favoured properties, such as high porosity, rich surface functional
groups, renewability and biodegradability they can be used for the matrix of nutrient encapsulation loading and sustained release.
The imbedding of key nutrients (N, P, Mg and others) as components in Lignocellosic structures during expanding growth
provides for a diffusion controlled release of these nutrients to the ecosystem and also input large amounts of dissolved organic
C into soil systems [15].

In comparison with traditional polymer-coated fertilizers, lignocellulosic biomass—based controlled-release fertilizers are
environmentally friendly and have reduced reliance on petroleum products and good effects on the soil. The porous structure
in the lignocellulosic carriers also plays a role in increasing adsorption and retention of nutrients, thereby prolonging nutrient
availability in the rhizosphere with reduced leaching losses [16]. In addition, the gradual decomposition of these carriers triggers
soil microbial activity, enhances soil physical characteristics, and promotes nutrient cycling so that fertilizer application
approaches sustainable and circular agriculture [17,18].

According to biomass-based materials, biochar is a carbonaceous material generated from pyrolysis of biomass resources and
enriched with high surface are and powerful nutrient and water preservation ability [19,20], which has been used widely in
fertilizer products. Despite the agronomic and environmental advantages of biochar-based fertilizers, their long-term safety
and sustainability are still controversial [21]. Pyrolysis may generate potentially hazardous organic pollutants such as Polycyclic
Aromatic Hydrocarbons (PAHs), dioxins, and furans [22-29]. Moreover, biochar has the potential to adsorb and accumulate
heavy metals (e.g., Cu, Cd, and As), which may be a long-term risk for soil quality, crop health, and food safety [30-34]. These
environmental problems emphasize the importance of developing environmentally friendly alternatives systems of
lignocellulosic biomass as a source for fertilizers, which can also provide slow release without causing secondary risks to the
environment.

Tomato (Solanum lycopersicum L.) is one of the most economically important and commonly grown horticultural crops in all
regions of the world [35], appreciated for its nutritional contribution to human diets [36]. Balanced nutrient supply, especially
nitrogen, phosphorus and magnesium are the key factors to tomato yield and quality in terms of vegetative growth regulation,
photosynthetic capacity and fruit development. Although the control- and slow-release fertilizers of many crop species were
investigated extensively, there has been little interest in lignocellulosic biomass—based slow-release fertilizers containing
nitrogen, phosphorus, and magnesium applied to tomato cropping systems. Compared with traditional fertilizers, these bio-
based formulations are biodegradable and environmentally friendly, and they may have the advantage of increasing nutrient
use efficiency via the maintenance of soil quality.

Thus, the present study was conducted to evaluate the efficacy of lignocellulosic biomass based
nitrogen/phosphorus/magnesium-enriched slow-release fertilizers on performance response of tomato in terms of growth,
yield, fruit quality and nutrient use efficiency. These results should be important in providing environmentally friendly fertilizer
technology that can improve tomato production and reduce the environmental impacts derived from conventional fertilization
practices.

EXPERIMENTAL SECTION
Materials

Laboratory grade reagents, orthophosphoric acid (=85%, Emplura, Merck), magnesium oxide (Emplura, Merck) and 25%
aqueous ammonia solution (Emplura, Merck), were commercially obtained and used as received. The lignocellulosic materials
which were used in the development of the slow release fertilizer matrix are comprised approximately by 46% cellulose, and
25% lignin and 23% hemicellulose. Commercial DAP and urea were purchased from a local dealer and used as standard
fertilizers in comparative trials.
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Preparation of Lignocellulosic biomass based MAP fertilizer:

Take 1.0g finely ground lignocellulosic biomass (particle size ~0.2mm) was weighed in to a glass beaker. Then, 0.56mol of
orthophosphoric acid (calculated based on initial biomass content) was added to the biomass, and the suspension was stirred at
150rpm and kept for 2h at 70°C in order to allow impregnation with acid and partial hydrolysis of the biomass. Thereafter,
0.2g of magnesium oxide was added into the reaction medium and stirring was prolonged under similar conditions for further
lhour. The resultant solution was slowly neutralized to approximate pH 7 at room temperature while under constant
hydrodynamic stirring by addition of 25% aqueous ammonia. To control the exothermic neutralization, during ammonia
addition the beaker was kept at an ice bath. The neutralized suspension was heated at 90°C in a water bath for 2h to induce
precipitation of the magnesium ammonium phosphate compound. The resultant solution was then evaporated under vacuum
on a rotary evaporator. The end product a lignocellulosic magnesium ammonium phosphate (MAP) also analyzed and

characterized.
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Fig. 1. Synthesis procedure of lignocellulosic biomass-based MAP sustainable-release fertilizer.
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MATERIALS CHARACTERIZATION
X-ray Diffraction (XRD)

The X-ray powder diffraction (XRD) pattern of magnesium ammonium phosphate (MAP) was obtained on a D2 PHASER
diffractometer (Bruker AXS) in the 20 range from 10° to 80° at a scan rate of 5°/min. For analysis, the powdered samples were
kept over a hot air oven at 105°C for 3 h to dry and maintain sample stability.

Scanning Electron microscopy (SEM):

The surface morphology of MAP was observed with a JEOL JSM-6490A scanning electron microscope (SEM) at 20.0 kV
accelerating voltage. The microstructure and surface texture of the core were observed using SEM images at different
magnifications, such as 15,000X and 60,000X.

Fourier Transform Infrared (FTIR) spectroscopy:

Functional groups of magnesium ammonium phosphate (MAP) were determined on PerkinElmer FTIR spectrometer with
attenuated total reflectance (ATR) as the installed accessory. Spectrum was obtained for the wavenumber range 4000-400 cm™
keeping an adequate resolution to detect the characteristic vibrational modes.

Thermogravimetric analysis (TGA):

Thermal stability of MAP was tested by a Q500 thermo gravimetric analyzer (TA Instruments). The sample was heated from
room temperature to the desired range at 10°C/min under nitrogen with a flow rate of 50mL/min. The thermogram obtained
was applied for the evaluation of decomposition profile and thermal behaviour of the materials.

Analytical characterization of energy crop based lignocellulosic magnesium ammonium phosphate (MAP) fertilizer:

A range of established and validated analytical techniques were utilized to quantify the nutrient composition and elemental
analysis of the lignocellulosic magnesium ammonium phosphate (MAP) fertilizer, which was synthesized. These studies
involved the determination of total nitrogen, available phosphate, magnesium contents and organic carbon by standard
procedures. Details of the specific analytical processes for each parameter are provided as follows.

Total Nitrogen by Kjeldahl method:

The total nitrogen in the lignocellulosic magnesium ammonium phosphate (MAP) fertilizer sample was analyzed by classical
Kjeldahl method including digestion, distillation and titration. Digestion of about 0.5g of the sample took place in concentrated
H,SO, and catalysts such as potassium sulfate/copper or selenium. This process changes organic nitrogen to ammonium
sulfate. Upon complete digestion the mixture was made alkaline by the addition of excess sodium hydroxide (NaOH) and
ammonia (NH3) was evolved. The free ammonia was distilled and collected in a graded boric acid solution, which was
titrimetered with standardized sulfuric acid. The total nitrogen was determined according to the volume of titrant consumed
[37].

Total Phosphate with the Vanadate-Molybdate Photometric Method

The phosphate extracted from lignocellulosic MAP fertilizer magnesium ammonium phosphates (MAP) was quantified by
vanadate-molybdate colorimetric method according to APHA standard method, 4500-P C (APHA, 1998), in which the available
orthophosphate or phosphate in this fertilizer reacts with ammonium molybdate and ammonium vanadate under acidic
conditions of sulphate-vanadomolybdophosphoric acid complex giving a yellow complex. The generated chromophore
showed a absorbance maximum at 470 nm. Absorbance was measured by a UV-Vis spectrophotometer against the reagent
blank, and phosphate concentration was calculated using a standard calibration curve established with known concentrations
of phosphate [37].

Total Magnesium by complexometric titration with EDTA

The combined magnesium content in lignocellulosic magnesium ammonium phosphate (MAP) fertilizer was determined by
complexometric titration with the chelating agent ethylenediaminetetraacetic acid (EDTA). A known amount of the sample
solution containing magnesium ions pH adjusted to 10 with an ammonia—ammonium chloride buffer. Eriochrome Black T
was the metal ion indicator that gives a wine red complex with divalent metal ions. EDTA selectively chelates the magnesium
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ions during titration, releasing the indicator and producing a clear color change from wine red to blue at the endpoint.
Magnesium content was determined by the volume of standardized EDTA solution which had to be added until the colour of
indicator changed [37].

Organic Carbon by modified Walkley—Black method

Lignocellulosic magnesium ammonium phosphate (MAP) fertilizer were analyzed for organic carbon using modified Walkley-
Black wet oxidation method. Weigh a known amount of the sample and heat with excess potassium dichromate (K,Cr,0O7)
and concentrated sulfuric acid (H,SO,) to oxidize organic material. The heat of acid dilution acted to promote oxidation. The
excess unreacted dichromate was then titrated with standard ferrous ammonium sulphate (FAS) solution using a Ferroin
indicator. Organic carbon was determined by the reduction of dichromate during oxidation [38].

The sample analyzed by the above techniques and results obtained were as follows.

Nutrient composition in MAP
Nitrogen (% w/w) 18.0
Phosphorus as P205(% W/W) 46.1
Magnesium (% w/w) 0.1
Organic carbon (% w/w) 0.56

Table-1: Nutrients content of lignocellulosic biomass-based Magnesium ammonium phosphate (MAP) sustained release
fertilizer.

RESULTS AND DISCUSSION

X-ray diffraction (XRD) The X-ray diffraction (XRD) pattern of the prepared Lignocellulosic magnesium ammonium
phosphate (MAP) composite is illustrated in Fig. 2. The major phase detected is Magnesium ammonium phosphate
(MgNH4PO4) with characteristic reflexions at 26=~16°, 23° and 29° and which correspond to the monoclinic structures
previously reported in literature [39,40]. Other peaks at 20 = 34°, 36° and 49° can be assigned to monoammonium phosphate
(NH4H>POy), which appear on the diffractograms of composites (41,42) this indicates the existence of MAP in amorphous
lignocellulosic biomass. This phase mixture shows successful inclusion of magnesium and phosphate in composite structure
and notably without an amorphous contaminant from the lignocellulosic hydrogel (which is used as a support matrix, not to
integrate an amorphous component). This type of biomass which consisted mainly of cellulose, hemicellulose and lignin lacks
strong diffraction peaks but offers an excellent support for nutrient encapsulation and release. Research articles on
phosphorylated and mineral loaded cellulose-based materials revealed that these structures assist in holding nutrients to prevent
leaching and allow controlled release of the same into soil matrix [43, 44].
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Fig. 2. X-ray diffraction of lignocellulosic biomass-based MAP sustained-release fertilizer.
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Scanning electron microscopy (SEM)

The energy dispersive X-ray spectroscopy (EDS) elemental mapping image superimposed on the scanning electron microscopy
(SEM) micrograph gives the spatial distribution of important nutrient elements namely, magnesium (Mg), nitrogen (N) and
phosphorus ); in this lignocellulosic matrix. The gray scale background also shows the cuticle or rather morphology of biomass
surface, comprising uneven smoothen surfaces granules resulting likely from partially decomposed plant cell wall elements [45].

Red color of Mg elemental localized in red represents magnesium known as the main composition of the MAP compound.
Nitrogen is hit in the yellow (probably of ammonium ion). The color turquoise is that of phosphorus, one of the underlying
foods. The overlay reveals homogenous as well as dispersed location of all three elements on the biomass, indicating that the
impregnation of MAP into the lignocellulosic material was successful. Notably, the phosphorus and magnesium signals are
highest at the surface protrusions, indicative of preferred crystallization or surface complexation sites, whereas nitrogen is
distributed in an extended manner which may implicate integration into both MAP phase and organic matrix. The lack of
noticeable element clustering or segregation supports the homogeneous preparation of the composite that is also essential for
controlled nutrient delivery. This is because it confirms the hypothesis of efficient nutrient loading and strong binding between
MAP and the functional groups (OH, COO—) on lignocellulosic according to spatial homogeneity. These results give support
to the viability of using lignocellulosic biomass as a nutrient carrier for its use in sustainable slow release fertilizers [46-48].
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Fig. 3. Energy-dispersive X-ray spectroscopy (EDS or EDX) spectrum of the lignocellulosic biomass derived magnesium
ammonium phosphate (MAP) controlled-release fertilizer.
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The FT-IR spectrum of the LCB-based MAP fertilizer is depicted in Fig. 4. The vibration frequencies attributed to the modes
of NH4*, PO4*- fundamental vibrating units belong to Mg-O bond relations and taken from the literature [49, 50]. In the
Lignocellulosic Biomass-derived Magnesium Ammonium Phosphate (MAP) spectrum stretching vibrations of O—H and N-H
groups of MAP appears at 3216 & 3039 cm! [44], whereas asymmetric bending (dasNH4) are found at 1434 cm-!. The
appearance of new peaks (2322 cm-1 P-H bond), 1258 cm'! (P=0 bonds) and a shoulder at 970 cm-!, due to P-OH group as
well as at 825 cm! can be attributed to P-O-C stretching in phosphate ester [50,51] Shows the success reaction of
phosphorylation. Furthermore, two bands at approximately 2833 cm-'and 3039 cm'! are assigned to a second overtone band
and the combination frequency of asymmetric bending (26asNH,) vibrations, respectively [43]. The vibrational bands of PO,
ion attributable to the v2(PO4*), v4(PO4*), v1(PO4*) and v3 (PO43)vibrational modes were found to manifest respectively in
the 537cm-!, 722 cm-!, 847 cmland 1045 cm-!.
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Fig. 4. FTIR spectrum of MAP fertilizer obtained from lignocellulosic biomass.

The thermogravimetric analysis (TGA) study of the obtained lignocellulosic biomass-based magnesium ammonium phosphate
fertilizer is given in Fig. 5, gives information about its thermal stability and decomposition reaction during programmed heating.
The TGA curves and their corresponding DTG second derivatives showed weight-loss stages, each within certain temperature
ranges as well as thermal events.

The first weight-loss step observed for the temperature range 25-150°C could be due to evaporation of physically adsorbed
moisture and volatile species from the sample. The second degradation step at 60260 °C correspond to a more significant
weight loss that could be attributed to the thermal decomposition of labile organic functionals, such as carboxylate groups and
it was also coupled with CO; evolution. In the next temperature region 260-700 °C, additional mass loss can be observed that
is ascribed to decomposition of more thermally stable organic compounds and functionalities incorporated in the biomass
structure. At temperatures above 700°C, the residual mass is representative of inorganic components like metal oxides or ash-
forming compounds, which stay behind as non-volatile residues [52-54].

Overall, the TGA results validate the thermal stability of the lignocellulosic biomass-derived MAP fertilizer up to approximately
200°C and suggests its possible use in agricultural systems with moderate thermal conditions. The results provide useful
knowledge for the optimization of the processing and application parameters in relation to maintaining the structural and
functional activity of fertilizers.
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Fig. 5. Thermogravimetric (TGA) of lignocellulosic biomass based magnesium ammonium phosphate (MAP).

Nutrient Release Experiment

The nutrient release characteristics of synthesized material were compared with that of commercial urea and diammonium
phosphate (DAP) via leaching column studies. Pretreated and neutralized sand (particle size: 2mm) was packed uniformly in
cylindrical glass columns (internal dia. Scm, length 50 cm). Fertilizer test, equal amounts of nitrogen from the tests were added
to separate columns in between two sand layers.

Top outlet of each column received tap water, and leachates were collected at regular periods through the bottom outlet. The
nitrogen and phosphorus content of the eluted samples was measured by standard analysis. This system allowed the
determination of nutrient release kinetics and a comparison between their performance in sustained-release.
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Fig. 6. Dissolution characteristics of magnesium ammonium phosphate (MAP) derived from lignocellulosic biomass and

commercial fertilizers.
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The available Nitrogen (N) accumulation curves of Fig. 7 indicate different release behaviors among the selected fertilizers.
The release pattern of the commercial urea was more rapid, nearly 68 and 96% of the total nitrogen was released in 10 and in
60 h of incubation. On the other hand, diammonium phosphate (DAP) showed a moderate release with 22% and 50% release
of N over similar durations indicating a slow-release nature relatively to urea.

The prepared lignocellulosic biomass-derived MAP fertilizer also showed the slowest release rate, in which 7.5% and only
34.8% of N was released after half an hour at 10 h and 60 h, respectively. This sustained release pattern went on constantly and
N cumulative release increased up to about 97% at 280 h after incubation. The temporal release profile of the MAP
formulation was significantly more linear and extended thanpared to commercial fertilizers. Whereas N-release from urea and
DAP reached a plateau at 60 and 130 h, respectively, very little further release took place thereafter.

This means that when lignocellulosic biomass is used as a part of the MAP matrix, it is capable to modify in an efficient way
the rate of N release and delay nutrient availability which can minimize leaching losses. The sustained and prolonged release
nature of MAP recognises as a potential highly efficient SRF product for enhanced N fertilizer-use efficiency in agricultural
practice.

Nitrogen release study

120.0
£ 1000
z
S 80.0
2
3
3 60.0
q:.)n 400 -.-Urea
g =®=DAP
Z 200 =®=MAP
0.0
0 100 200 300 400

Time (h)

Fig. 7. Nitrogen release kinetics of synthesized lignocellulosic biomass derived magnesium ammonium phosphate (MAP) vs
commercial Urea and DAP fertilizers

The total P release profiles of the two biochars are presented in Fig. 8. Investigation was carried out with the native and
manufactured lignocellulosic biomass-derived magnesium ammonium phosphate (MAP) fertilizer using commercial
diammonium phosphate (DAP). In soil, plant-available P is controlled by precipitation dissolution equilibria, adsorption and
desorption at clay and oxide surfaces, and biological immobilization or mineralization mechanisms that together define the
release curves. ig. 8. Nitrogen release profile of lignocellulosic biomass derived synthetic magnesium ammonium phosphate
(MAP) in comparison with commercial Urea and DAP fertilizers

The total phosphorus (P) release behavior is depicted in Fig. 9. Commercial DAP and synthesized lignocellulosic biomass-
based magnesium ammonium phosphate (MAP) fertilizers were used. Plant-available P in soils is controlled by precipitation
dissolution equilibria, adsorption and desorption on clay and oxide surfaces, biological immobilization or mineralization, and
this process combination determines the form of resulting release curves.
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Fig. 8. Phosphorous release pattern of laboratory synthesized lignocellulosic biomass based MAP with that of commercial
DAP fertilizer

DAP effluxed rapidly initially, but was due to plateauing at around 45% of its total P content, with ~55% not yet leached from
the column. This partial recovery is consistent with the finding that phosphate anions strongly adsorb to bentonite and related
aluminosilicate clays via surface complexation and interlayer adsorption, but are also temporarily sequestered by soil
microorganisms [55,56].

On the contrary, the release of lignocellulosic biomass based magnesium ammonium phosphate (MAP) fertilizer was
significantly slower and nearly linear. Residual loss of P was small during initial weeks, and cumulative liberation pattern was
linear all along the 280h test and exceeded DAP level at last. Attenuated kinetics are due to (i) slow dissolution of the LCB
derived MAP phase, (ii) diffusional resistance due to the LCB matrix in which mixtures are entwined and progressive
degradation leads to stepwise exposure of additional fertilizer surfaces, and (iii) local pH and microbial effects connected with
the biomass constituent [57]. These findings indicate that the incorporation of MAP into a lignocellulosic matrix can adjust P
availability resulting in controlled nutrient-release as well as reduction of the early-stage losses observed for regular DAP.

Comparative analysis of biochar and other lignocellulosic biomass fertilizers:

Biochar is created through the thermal decomposition of biomasses, such as crop residues, wood and manure at high
temperatures to produce carbon rich-porous material with a high surface area and considerable chemical stability in soil
environments [58-61]. In spite of being biochar advantageous, that is enhanced nutrient retention and soil amendment potential
it has also several environmental and agronomic drawbacks. Pyrolysis can give rise to hazardous organic compounds such as
PAHEs, dioxins, and furans that would pollute soils and threaten ecosystems and human health [30,31]. In addition, biochar has
the potential to adsorb or desorb heavy metals, such as Cu, Cd, Cr, Ni and Zn and their mobility and phytoavailability is
strongly controlled by soil pH [24,26,27]. In specific environments, such as acidic or basic pH, the mobility of these metals can
be enhanced and affect plant-related health and food safety. While initially biochar can adsorb and immobilize heavy metals,
this property loses effect over time because of ageing, oxidation or microbial decomposition (Lu et al., 2013). Furthermore,
the bioavailability of native organic pollutants such as phenols could increase after biochar amendment due to promotion of
microbial activity, which in turn may stimulate degradation and create an additional level of risk profile [32,33].

Lignocellulosic biomass derived fertilizers on the other hand, present a more environmentally friendly and sustainable option.
Mechanisms for their operation include action similar to that described here for SRF’s, as well as fertilizers based upon plant-
derived renewable feedstocks processed under lower temperature or chemical conditions without the production of hazardous
waste by-products associated with high temperature pyrolysis. They serve as biodegradable nutrient carriers, for controlled slow
release of nutrients in synchrony with plant uptake dynamics to reduce losses of nutrients due to leaching, and surface runoff
[43, 44, 51]. The formulations provide reduced chances of introduction of heavy metals or persistent organic pollutants into
soil and have small effects on the pH of the soil. Other benefits are improved soil fertility, reduced dependency on chemical
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fertilizer, optimal exploitation of agricultural residues, economy in relation to no-tillage systems under single-dose application
strategies and higher cost-effectiveness, compatibility with single-dose applications management strategy and higher credibility.
In general, lignocellulosic biomass-derived fertilizers provide multi-nutrient delivery systems necessary for sustainable
agronomic practices that promote soil health, nutrient-use efficiency and environmental quality [25,34-35].

Evaluation of lignocellulosic biomass based magnesium ammonium (MAP) phosphate fertilizer use in the tomato
crop(Solanum lycopersicum L.):

The magnesium ammonium phosphate (MAP) fertilizer prepared from synthesized lignocellulosic biomass and commercially
available nitrate-based urea, diammonium phosphate (DAP), were used as sources of nitrogen and phosphorus in the field trials.
The field trial was aimed to assess the nutrient release pattern, nutrient utilization efficacy and agronomic performance of
lignocellulosic biomass derived MAP fertilizer compared with standard fertilizers used in practice. Potassium was applied in the
form of muriate of potash (MOP) from a commercial source.

The experimental field was well prepared using standard agronomic practices before transplanting. Fertilizer was incorporated
one time as a basal at transplanting. The fertilizer was applied at a constant rate of 1:0.5:0.5 kg N:P,0s:K>O per m? in all
treatments. Fertilized are under root zone at 3-4 cm distance from the base of the transplant to have efficient nutrient
availability and uptake. No top-dressing fertilizer was applied during the cropping season to evaluate, soil nutrient supplying
available and sustained release characteristics and nutrient utilization efficiency of the lignocellulosic biomass based MAP
fertilizer in comparison with standard fertilizers.

Control treatments:

A non-chemical fertilization control treatment with natural soil N availability functioned as the control, and was used for that
assessment. A control treatment receiving the normal recommended dose of fertilizer (RDF)

as 100 per cent applied in the form of urea, Diammonium phosphate, and muriate of potash was included. These control
treatments offered a yardstick against which the agronomic efficiency and nutrient use efficiency of developed or slow release
fertilizer formulations could be evaluated.

Irrigation and Monitoring

All treatments are uniformly irrigated to eliminate moisture induced variation. Treatment effects on growth parameters, yield
attributes, nutrient uptake and soil fertility are regularly recorded.

Field trail plant images:

Individual plant physical appearance

Untreatéd Commercial

Fig. 9. Unfertilized, commercial and lignocellulosic biomass magnesium ammonium phosphate (MAP) fertilized Individual
plant appearance

832
Natural Resources for Human Health (NRFHH)

https://nrfhh.com


https://nrfhh.com/

Natural Resources for
Human Health
elSSN: 2583-1194

Set of plants physical appearance

MAP Treated planty

Fig. 10. Untreated, commercial and lignocellulosic biomass (LB) magnesium ammonium phosphate (MAP) treated plants

physical form
Graph of data and observed:
0 o
s oy ® 1
. gum .
i, i
1200
g - ;mx ;
sw 4 ::
: §w
* %
. ila .
Vssreated Counnercial MAP Untreated Commercid Maz
4000 w0
A & e ) - a _—
z 0 1 g .
%l‘l.“ 2 ?u} -
e "o
iwm l 3
2 N0
Ll
; w0 g bod
o o
Ulprrested Commereal MAP imireased Commercial MAP

Fig. 10. Profile of No. of fruits plant 1 (a) , Fruits weight plant1 (b ) , wet plant weight (c) and dry plant weight (d)

treatment between untreated, commercial Fertilizers and Lignocelosic biomass based magnesium ammonium phosphate
treatments (MAP).
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The synthesized lignocellulosic biomass derived magnesium ammonium phosphate (MAP) Fertilizer were tested on tomato
(Solanum lycopersicum L.) with their compatible control treatments. Visual differences in plant vigor were apparent between
treatments during the field trial. Plants supplied with the lignocellulosic biomass derived MAP were far better protected and
had higher growth vigour and overall health than those treated with commercial fertilizers, whereas in its absence (i.e. without
fertilizer) plants performed worst.

Leaf chlorosis was evident from around 40 dp transplant in both the untreated control and CF-treated plants, reflecting a
condition of nutrient deficiency or exhaustion. In comparison, dark green and healthy-looking foliage of plants treated with
the plant material MAP remained during the entire growing period indicating that nutrient status was maintained over time and
that nitrogen nutrition improved.

Although all treatments provided the same amounts of nutrients, commercial fertilized plants showed signs of nutrient
depletion sooner and more need for supplementation than MAP-treated plants. The observation revealed that the lignocellulosic
biomass based MAP fertilizer made nutrients available to barley crop in a more sustained and regulated manner than other
control fertilizers, thus providing continuous nutrient feeding to the crop with better use efficiency of the available nutrients.

Parameter Untreated Commercial MAP
No. of fruits per plant 43 14.0 23.0
Fruits weight per plant (g) 268.0 1058.0 1719.7
Wet plant weight (g) 1692.7 2737.3 3313.7
Dry plant weight (g) 246.0 397.7 489.3

Table-2: Average of no. of Fruits/plant (a), Weight of fruits per plant (b), wet wt./plant (c) and dry wt./plant (d)
comparison profile between untreated, commercial or lignocellulosic biomass based magnesium ammonium phosphate on
Pearl Millet.

Response of Tomato Yield and Biomass Traits to Fertilization:

The response of yield contributing and biomass accumulations to various fertilizer treatments in tomato is shown in table
above. The untreated control, commercial fertilizer and lignocellulosic biomass based magnesium ammonium phosphate (MAP)
fertilizer treatments showed marked difference.

Fruit yield per plant was considerably different by application of fertilizer. The untreated control had the fewest fruits per
plant (4.3), suggesting extreme nutrient starvation. Fruit number was increased to 14.0 per plant in the commercial fertilizer
application, and MAP had significantly higher fruit number (23.0 per plant); these number indicated that it increased by about
64% compared with those of the commercial fertilizer treated plants at harvest stage. This increment indicates better nutrient
availability and gradual nutrient release when MAP was applied to promote prolonged flowering and fruit setting.

The same trend was also found for fruit weight per plant. The untreated control gave an average of 268.0 g fruit yield per plant
as against 1058.0 g recorded for commercial fertilizer treatment. Additionally, the maximum fruit weight (1719.7 g plant-1)
produced by MAP was indicative of increased production and transportation of assimilates to developing fruits. Under MAP
application, the increased fruit yield might be associated with enhanced N and P use efficiency and decreased nutrient loss.

Fertilizer treatments also had highly significant effect on biomass yield. Wet plant weight increased from 1692.9 g in the
untreated control to 2737.3 g with commercial fertilizers, and to 3313.7 g with MAP fertilizer application. Similarly, dry plant
weight was reduced by the same degree to 246.0 g, 397.7 g and 489.3 g under untreated, commercial and MAP treatments of
irradiated plants. The increased amount of dry matter obtained with MAP application suggests higher photosynthetic capacity
and continual nutrient supply during the growing season.

All-in-all that data very effectively display the fact that lignocellulosic-based MAP fertilizer is superior compared to traditional
fertilizers in strengthening the tomato yield attributes and biomass, underlining its potential uses for optimal nutrient sources.

CONCLUSION

The current study shows that lignocellulosic biomass—derived MAP has great potential as an efficient slow-release N and P
source, surpassing traditional urea and DAP for the timing of nutrient release in accordance with crop needs. Application of
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MAP into tomato (Solanum lycopersicum L.) increased plant vigor, delayed leaf senescence, and stimulated yield and biomass
accumulation up to 64% higher than that obtained with conventional fertilization and by 475% compared with unfertilized
plants. The findings of this study demonstrate the ability of biomass derived MAP to enhance nutrient-use efficiency, improve
crop productivity, mitigate nutrient loss and reduce environmental pollution.

Taken together, lignocellulosic biomass derived MAP fertiliser is an environmentally friendly and sustainable substitute of
mineral fertilisers for intensive horticulture. Future research needs to support RCF by conducting long-term, multi-location
investigations and verifying its agronomic performance, economic feasibility as well as scalability under different soil types and
climatic zones. These efforts will provide a more comprehensive insight into its prospective role in sustainable and circular
agriculture.

Acknowledgements

Authors are grateful to the management of GITAM for the facilities of CIF. Funding This research was supported by DST-
SERB, New Delhi for providing funding under the SRG scheme (SRG/2022-/001201, dated: 9th September 2022).

Contflicts of interest
Notes and references the authors have no competing financial interest.
REFERENCES

[1] Fixen, P. E., Brentrup, F., Bruulsema, T. W., Garcia, F., Norton, R.; Zingore; S (2015). Efficiency of nutrient/fertilizer
use: Measurement, current situation and trends. Journal of Plant Nutrition and Soil Science, 177(1), 1-12.
https://doi.org/10.1002/jpln.201400121

[2] FAO (Food and Agriculture Organization of the United Nations). (2023). FAOSTAT statistical database. FAO.
https://www.fao.org/faostat/

[3] Hawkesford, M. J. (2014). Decreasing dependence on nitrogen fertilizer in wheat production. Journal of Cereal Science,
59(3), 276-283. https://doi.org/10.1016/j.jcs.2013.12.001

[4] Lassaletta, L., Billen, G., Grizzetti, B., Anglade, J. & Garnier, J. (2014). The role of food and feed trade in the global
nitrogen cycle. Ecosystems, 17(4), 1-14. https://doi.org/10.1007/s10021-014-9761-9

[5] Li,M.,, Li,Z., Zhang, Y. and Liu, X. (2023). Biodegradable biomass derived controlled-release fertilizers: A review of
recent applications and beyond. Journal of Cleaner Production, 392, 136294.
https://doi.org/10.1016/j.jclepro.2023.136294

[6] Shaviv, A. (2001). Advances in controlled-release fertilizers. Advances in Agronomy, 71, 1-49.
https://doi.org/10.1016/S0065-2113(01)71011-5

[7]1 Singh, B., Rawat, M., & Kumar, S. (2024). Nutrient carrying capabilities of lignocellulose from agriculture residues for
sustainability fertilizers. Bioresource Technology, 389, 129626. https://doi.org/10.1016/j.biortech.2023.129626

[8] Bi, S., Barinelli, V., & Sobkowicz, M. J. (2020). Fabrication, characterization and release mechanisms of a degradable
controlled-release fertilizer composite produced by extrusion. Polymers, 12(2), 301.

[9] Heffer, P., and M. Prud. (2019) "Fertilizer Outlook 2019-2023." 87th IFA Annul Conference, Montreal, Canada.

[10] Hu, K., Zhao, P., Wu, K., Yang, H., Yang, Q., Fan, M. & Long, G. (2023). Decreasing and sub-dressing controlled release
urea did not reduce yield but increased nitrogen utilization. Field Crops Research, 295, 108876.

[11] Sudarsanam, P., Gupta, N. K., Mallesham, B., Singh, N., Kalbande, P. N., Reddy, B. M., & Sels,\parB.\parF.\ (2021).
Supported MoO x and WO x solid acid catalysts for biomass valorization: The role of coordination chemistry, acidity
and lability on reaction kinetics. Acs Catalysis, 11(21), 13603-13648.

[12] Mallesham, B., Sudarsanam, P., Raju, G. and Reddy, B.M. (2013). High activity Mo and W promoted SnO 2 solid acids
designed for heterogeneous acetalisation of bio-glycerol. Green Chemistry, 15(2), 478-489.

835
Natural Resources for Human Health (NRFHH)

https://nrfhh.com


https://nrfhh.com/
https://doi.org/10.1002/jpln.201400121
https://www.fao.org/faostat/
https://doi.org/10.1016/j.jcs.2013.12.001
https://doi.org/10.1007/s10021-014-9761-9
https://doi.org/10.1016/j.jclepro.2023.136294
https://doi.org/10.1016/S0065-2113(01)71011-5
https://doi.org/10.1016/j.biortech.2023.129626

Natural Resources for
Human Health

'-. ()

elSSN: 2583-1194

(13]

(14]

(18]

(19]

(20]

(23]

Gavrila, V. (2022). Agricultural inputs and food security. On Agrarian Economy and Rural Development-Trends and
Challenges. International Symposium. 13th Edition (pp. 352-360). Bucuresti: Institutul de Cercetari pentru Economia
Agrara si Dezvoltare a Mediului Rural ICEADR).

Osman, A. 1., Zhang, Y., Lai, Z. Y., Rashwan, A. K., Farghali, M., Ahmed, A. A..... &Yap, P.S. (2023). Machine learning
and computational chemistry for biochar fertilizers enhancement: A review. Environmental Chemistry Letters, 21(6),
3159-3244.

Sutton, M. A., Bleeker, A., Howard, C. M., Erisman, J. W., Abrol, Y. P., Bekunda, M., ... Zhang, F. (2013). Our nutrient
world: The challenge to produce more food and energy with less pollution. Centre for Ecology and Hydrology.

Galipalli, R., Baithy, M. and Vishnu, N. (2024). Conversion of Agricultural Waste Biomass into Sustainable and Slow
Release Fertilizers: Waste to Wealth. ChemistrySelect, 9(38), €202402865.

Willeox, J. K., Catignani, G. L., & Lazarus, S. (2003). Tomatoes and cardiovascular health. Critical Reviews in Food
Science and Nutrition, 43(1), 1—18. https://doi.org/10.1080/10408690390826437

Zhang, X., Davidson, E. A., Mauzerall, D. L., Searchinger T. D., Dumas P., & Shen Y.(2015). Managing nitrogen for
sustainable development. Nature, 528(7580), 51-59. https://doi.org/10.1038/nature15743

Babadi, F. E., Yunus, R.; Rashid, S. A.; Salleh, M.A.M.; Ali S. (2015). New coating material for urea or ammonium nitrate
based on a gypsum and dolomitic limestone mixture. Particuology, 23, 62-67.

Shi, W., Ju, Y., Bian, R., Li, L., Joseph, S., Mitchell, D. R. et al. (2020). Biochar-amended urea enhances crop growth and
reduces N leaching. Science of the Total Environment, 701, 134424.

An, X., Wu, Z., Qin, H., Liu, X, He, Y., Xu, X.,... & Yu, B. (2021). Combined co-pyrolysis and coating for the production
of anovel coated biochar based slow-release fertilizer. Journal of Cleaner Production, 283, 124642.

Safaei Khorram, M., Fatemi, A., Khan, M. A., Kiefer, R., & Jafarnia, S. Magnified risk of weed infestation under higher
level of biochar in slow growing legume, lentil (Lens culinaris Medik.). Journal of the Science of Food and Agriculture,
98(6), 2080-2088.

Garcia-Perez, M., and Metcalf, J. 2008. The generation of polycyclic aromatic hydrocarbons and dioxins in biomass
combustion and their minimisation: A review with special reference to wood.

Hale, S. E., Lehmann, J., Rutherford, D., Zimmerman, A. R., Bachmann.) V.?R.SHITUMBANUMA & CORNELISSEN,
G. (2012). Determination of the total, and bioavailable polyclic aromatic hydrocarbons and dioxins of biochar.
Environmental science & technology, 46(5),2830-2838.

Steinbeiss, Steinbeiss, S., Gleixner, G. and Antonietti, M. 256 S216 First published on the web 4th March (2009). Impact
of biochar amendment on soil carbon balance and soil microbial activity. In: Soil Biology and Biochemistry, 41(6), 1301-
1310.

Quilliam R. S., DeLuca T. H., Jones D. L.(2013). Management of biochar reduces nodulation but enhances nitrogenase
activity in clover. Plant and soil, 366, 83-92.

Ahmad, M., Rajapaksha, A. U., Lim, J. E., Zhang, M., Bolan, N., Mohan, D.(2014). Biochar for environmental
management: An introduction. Chemosphere, 99, 19-33.

Khan, S., Chao C., Waqas M., Arp H.P.H.and Zhu Y.G. (2013). Effect of sewage sludge derived biochar on greenhouse
gas production and metal bioaccumulation in a metal-contaminated acidic soil. Environmental science & technology,
47(15), 8624-8632.

Hale, S., Hanley, K., Lehmann, J., Zimmerman, A., & Cornelissen, G. (2011). Influence of chemical, biological and
physical aging on the sorption of pyrene to activated carbon and biochar. Environmental science and technology, 45(24),
10445-10453.

836

Natural Resources for Human Health (NRFHH)
https://nrfhh.com


https://nrfhh.com/
https://doi.org/10.1080/10408690390826437
https://doi.org/10.1038/nature15743

Natural Resources for
Human Health

'-. ()

elSSN: 2583-1194

(30]

(34]

(35]

(36]

(37]
(38]

[39]

[42]

(43]

[44]

Hospido, A., Moreira, M. T., Martin, M., Rigola, M and Feijoo,G (2005). Characterization of four kinds of waste
membranes and their reclamation pathway from spent filtering sludge. International Journal of Life Cycle Assessment,
10(5), )336-345.

Van Zwieten, L., Kimber, S., Morris, S., Chan, K. Y., Downie,A., Rust,J. et al.(2010). Agronomic and soil fertility effects
of'slow pyrolysis production from papermill waste. Plant and soil, 327, 235-246.

Beesley, L., Moreno-Jiménez, E., & Gomez-Eyles, J. L. (2010). Mobility, bioavailability and pH-dependent leaching of
cadmium, zinc and lead in a contaminated soil following the application of organic matter. Environmental pollution,
158(6), 2282-2287.

Chen, D., Liu, X., Bian, R., Cheng, K., Zhang, X., Zheng J. and Li L.(2018). Effects of biochar on heavy metals in soil
and plant uptake: A meta-analysis. Journal of Environmental Management, 222, 76-85.

Hol, W. G., Vestergard, M., ten Hooven, F., Duyts, H., van de Voorde,T.F. & Bezemer T.M. (2017). Temporary
detrimental biochar effects in plant growth can be the most pronounced after microbial species

Zhao, L., Zhang, H., White, J. C., Chen, X., & Xing, B. (2022). Nano and bio fertilizers for sustainable agriculture. Nature
Food, 3(4), 233-245. https://doi.org/10.1038/s43016-022-00487-2

Chen, J., Liu, X., Zhang, H., Wang Q & Li S. (2024). Slow release lignocellulosic biomass based fertilizers for sustainable
agriculture. Science of the Total Environment, 906, 167560. https://doi.org/10.1016/].scitotenv.2023.167560

The Fertiliser (Control) Order, 1985 - Bare Act [Edn. 2025], ISBN: 9789352471058

Walkley, A., & Black, I. A. (1934). An examination of method, for determining soil organic matter, and a modification of
the chromic acid titration method. Soil science, 37(1), 29-38.

Le Corre, K. S., Valsami-Jones, E., Hobbs, P., & Parsons, S. A. (2009). Review on struvite precipitation and recovery
processes in wastewater treatment. GRITZKA DEWI Critical Reviews in Environmental Science and Technology
Volume 39, 2016 - Issue 6 Pages 433-477

RyuH.D., LimC. S., Kang M. K., Lee S. I. (2012). Utilization of struvite recovered from the semiconductor wastewater
as a fertilizer for growth of Chinese cabbage. Journal of hazardous materials, 221, 248-255.

Luo, W., Qian, L., Liu, W., Zhang, X., Wang, Q., Jiang, H. et al (2021). A promising Mg-enriched biochar fertilizer:
Superior slow-release performance for nutrient and its release mechanism. Science of the Total Environment, 768,
144454.

References An, X., Wu, Z., Liu, X., et al. (2021). A novel biochar-derived slow-release phosphorus fertilizer of high water
retention through integrated co-pyrolysis and co-polymerization. Chemosphere, 285, 131481.

Wanrosli, W. D., Rohaizu, R., & Ghazali, A. (2011). Synthesis and characterization of cellulose phosphate from the
microcrystalline cellulose of oil palm empty fruit bunches. Carbohydrate Polymers, 84(1), 262-267.

Granja, P. L., Barbosa, M. A., Pouysegu,L., De Jéso, B., Rouais,'F., & Baquey, C. (2001). Cellulose phosphates as
biomaterials. Mineralization of chemically modified Bulgarian white viscose hydrogels. Journal of Materials Science, 36,
2163-2172.

Kataki, S., Westa, H., Clarkeb, M. and Baruahd, D. C. (2016). Struvite from farm, municipal and industrial waste as a P
source for crops: A protocol to mitigate the fertilizer crisis. Waste Management, 49, 437-454.

Kubar, A. A, Huang, Q., Sajjad, M., Yang, C.-Y., Lian, F., Wang, J and Kubar K. A (2021). Assessment of value-added
fertilizers recovered by biochar and struvite co-precipitation: phosphate and ammonium from biogas slurry. Sustainability,
13(7), 3827.

Nagarajan, Anita, et al. "Environmentally sustainable nutrient recovery from poultry and multi-substrate agricultural
waste digestates via struvite precipitation." Bioresource Technology Reports 27 (2024) 101924.

837

Natural Resources for Human Health (NRFHH)
https://nrfhh.com


https://nrfhh.com/
https://doi.org/10.1038/s43016-022-00487-2
https://doi.org/10.1016/j.scitotenv.2023.167560

Natural Resources for
Human Health

W .'{ 0
=®

elSSN: 2583-1194

(48]

[36]

[57]

Suzuki, T., Yano, M., Sumi, S., Honda, M., Hosoya, Y. and Yoshida, K. I. (1997). Investigation of the composition of
struvite stones using scanning electron microscopy and energy dispersive X-ray microanalyses. Urologia internationalis,
58(2), 88-92.

Berhault, G., Afanasiev, P., Loboue, H., Geantet, C. and Cseri et al. Pichon, C.,... & Lafond, A. (2009). Reduction of
ammonium nickel phosphate (NiNH4PO4-H20) to nickel phosphide Ni5P4: an in situ study with XRD, XAS and
magnetic susceptibility. Inorganic chemistry, 48(7), 2985-2992.

References Boonchom, B., & Baitahe, R. (2009). Preparation and characterization of nanocrystalline manganese
pyrophosphate Mn(2)P(2)O(7). Materials Letters, 63(26), 2218-2220.

Suflet, D. M., Chitanu, G. C., & Popa, V. 1. (2006). Synthesis and characterisation of phosphorylated cellulose. Reactive
and Functional Polymers, 66(11), 1240-1249.

Zecchina, A., Marchese, L., Bordiga, S., Paze, C., & Gianotti, E. (1997). Infrared vibrational spectroscopy of NH4(+)
ions in zeolitic systems. The Journal of Physical Chemistry B, 101(48), 10128-10135.

Barud, H., Ribeiro, C., Crespi, M., Martines-Filho, J. Gohi da D.GHY S.MarquesR.da.S.PMeneghettiC.(2007). Thermal
properties of bacterial cellulose—phosphate composite membranes. Journal of Thermal Analysis and Calorimetry, 87(3),
815-818.

Guggenheim, S., & Martin, R. T. (1995 ). Clay and Clay Minerals: joint report on nomenclature by the AIPEA
Nomenclature Committee and CMS Nomenclature Subcommittee. Clays and Clay Minerals, 43(2), 255-256.

Ibrahim, M., Igbal, M., Tang, Y. T., Khan, S., Guan, D. X., & Li G. (2022). Phosphorus mobilization in the plant soil
system and strategies to use it for C3 and C4 plants — A review. Agronomy, 12(10), 2539.

Kassem, 1., Ablouh, E. H., El Bouchtaoui, F. Z., Jaouahar, M., & Achaby, M. E. (2024) . Polymer-coated slow-
/controlled-release fertilizers: An overview of the technology. Progress in Materials Science, 101269.

P. D Johan, O. H Ahmed, L Omar, & N. A Hasbullah.J., (2021). Induced changes of soil phosphorus pools after co-
application of charcoal and wood ash. Agronomy, 11(10), 2010.

Schmidt, M. W., and Noack, A. G. (2000). Black carbon in dissolved and particulate organic matter from municipal
sewage sludge: ultra-small scale variability, evidence for retention of colloids, reactive sulfidization and associated heavy
metals. Global biogeochemical cycles, 14(3), 777-793.

Lehmann, J. (2007). A handful of carbon. Nature, 447(7141), 143-144.

Kuzyakov, Y., Bogomolova, I. & Glaser, B. (2014). Stability of biochar in soil: degradability of biochar and its effects on
nutrient availability and leaching. Soil Biology and Biochemistry, 70, 229-236.

Wang, J., Xiong, Z., Kuzyakov Y. (2016). Stability of biochar in soil: meta-analysis of decomposition and priming effects.
Gcb Bioenergy, 8(3), 512-523.

838

Natural Resources for Human Health (NRFHH)
https://nrfhh.com


https://nrfhh.com/



