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ABSTRACT
Nanofertilizers offer opportunities for the development of new types of fertilizers. In this study, 
we focused on the different types of nano fertilizers that enhance plant growth and reduce harmful 
environmental effects. Nanofertilizers, especially when using new technologies in fertilizer products such 
as nano-encapsulation and controlled release of nutrients, can increase plant nutrient uptake, enhance 
fertilizer efficiency, improve soil quality, and decrease environmental effects. This article discusses 
different types of nanofertilizers, including macronutrient nanofertilizers, micronutrient beneficial 
element nanofertilizers, novel technologies for fertilizer nutrients, and materials used in fertilizers. This 
article reviews literature using natural and synthetic coatings for the slow release of urea. The potential 
of environmentally friendly natural coatings compared to synthetic coatings has also been investigated. 
These composites, with excellent slow-release properties and non-toxicity to soil and environment, could 
be used in horticultural applications for higher agricultural production efficiency. Finally, this review 
suggests that nano fertilizers can increase crop production and reduce plant nutrient losses. Although 
the use of nanoparticles has many advantages, entering the global market requires more studies to 
investigate their comprehensive effects on the environment.
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INTRODUCTION
Due to the global overpopulation, current 

fertilizer application methods do not suffice the 
food production needed by this population. Given 
its significant economic importance to developing 
agricultural countries, using conventional 
fertilizers leads to substantial, economic damages, 
due to the leaching problems [1, 2]. The continued 
unbalanced use of fertilizers poses a serious threat 
to soil health, reducing both the quantitative and 
qualitative yields of crops and increasing harmful 

environmental effects. It is estimated that up to 
50% of conventional fertilizers are lost for various 
reasons, including leaching and/or evaporation, 
once applied to agricultural soils, or due to 
poor nutrient use efficiency (NUE) by the crops 
remaining in the matrix [3]. Nutrient use efficiency 
(NUEs) is decreased when the release of nutrients 
from fertilizers is more than the absorption of 
plants, or the nutrient elements become not 
bioavailable to plants. Therefore, there is a keen 
interest in developing innovative fertilizers to 
increase NUEs [1].

http://creativecommons.org/licenses/by/4.0/.
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Nutrients such as nitrogen, phosphorus, 
potassium, sulfur, calcium, magnesium, manganese, 
copper, zinc, iron, molybdenum, etc., are essential 
for proper plant growth and the production of 
agricultural products. However, the plant's growth 
might be intensely affected by the deficiency of 
these elements in the soil, but little attention to the 
correct modification of these soils [4, 5]. To alleviate 
these deficiencies in the soil, new fertilizers must 
be produced to provide the plants with nutrients 
slowly over time, thereby reducing nutrient loss 
and increasing crop yields [6]. The use of nano 
fertilizers makes it more efficient for the plants to 
absorb nutrients and increase fertilizer efficiency, 
because of their unique properties. Nanofertilizers 
are economically cost-effective, and they can 
improve effects on the chemical and physical 
properties of soil; for example, they can increase 
the water-holding capacity of the soil [7, 8]. Such 
a change will be necessary for fertilizer practices, 
saving money and environmental damages [9]. 
Kah et al. [10] categorized nanofertilizers as 
follows: 1) NPs containing micronutrients; 2) NPs 
containing macronutrients; 3) NPs carrying coarse 
macronutrients.

Different studies indicate that using 
nanomaterials as the carrier for macronutrients 
has the highest median efficacy (29%), compared 
to nanomaterials made of micronutrients or 
macronutrients. Because of their high surface-to-
volume ratio, NPs can supply nutrients slowly and 
steadily, depending on the plant's demands [11]. 
Polymeric NPs, which are used as agrochemical, 
carriers, can be considered a very significant 
release system, due to their slow and controlled 
release of nutrients. Controlled release of nutrients 
is an exciting strategy for dealing with the lack 
of nutrients in the soil. This strategy is based 
on nanocarriers, which release the cargo with 
appropriate quantity and time and act as nano 
vehicles [12]. 

Therefore, the overall purpose of this article 
is to review the micronutrient and macronutrient 
nanofertilizers, as well as novel technologies for 
the fabrication and application of the mentioned 
nanofertilizers and their effects on the increase 
in plant yields. In this paper, natural coatings for 
application in nanocomposite structure, with 
controlled release of nutrients to plants and 
lower toxicity than conventional coatings and 
enhancement of plant performance are reviewed. 

 
ENVIRONMENTAL IMPACT

The application of new strategies in the 
synthesis of nanoparticles and their use in the 
production of nano-fertilizers, nano-pesticides, 
etc. has increased crop production and increased 
soil quality and environmental protection [5]. The 
application of NPs in formulations provides the 
possibility of designing more complex products 
that can contribute to the environment and global 
food security [10]. Despite the positive effects of 
NPs in increasing agricultural products that have 
been stated in previous studies, it should be noted 
that the effects of these NPs are different depending 
on the type of plant how they are used, and their 
morphology and concentration [2]. Therefore, the 
application of these NPs in different plants and 
farm environments should also be investigated, 
and for the widespread use of these NPs and their 
introduction to global markets, more complete 
studies should be conducted and various aspects 
should be measured, and the standards for the use 
of the permitted amount of these NPs for health 
environment to be expressed. 

The fate of nano-fertilizers after being released 
into the environment should be investigated in 
water, soil, and atmosphere. Physical, chemical, and 
biological processes change the shape of nanometal 
oxide in the environment. The essential processes 
that affect the fate of materials in the environment 
in aquatic and terrestrial environments include 
dissolution, mineralization, sulfidation, redox 
reactions adsorption, accumulation/agglomeration, 
and sedimentation [13]. 

Nanoparticles that are used as fertilizers for 
plants can enter the environment in different 
ways. Plants play an important role in the entry of 
nanoparticles into the food chain. Plants can cause 
nanoparticles to enter the food chain through the 
absorption of nanoparticles from the roots and 
contact with nanoparticles in the air [13]. Nano 
fertilizers can be used in different ways such as 
foliar spraying, irrigation, and soil method. The 
movement of nanoparticles in the soil is by Brownian 
motion into the pores of the soil. Soils are composed 
of fine pores like a network of humic substances 
soil particles and coarse pores. Nanoparticles can 
enter fine pores and their absorption on mobile 
colloids increases their mobility, and if they are 
absorbed by immobile particles, their mobility 
decreases. Therefore, soil conditions are effective 
in the mobility of nanoparticles [14]. Also, nano-
fertilizers can enter aquatic environments. The 
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solubility of nanoparticles in water controls the 
interaction between nanomaterials and natural 
chemicals in biological systems and processes, the 
state of nanomaterials in water. Nanoparticles settle 
in water more slowly than other particles made of 
that material. Nanoparticles may stick to the soil 
or other settling particles and settle with them [15, 
16].

 Some nanoparticles are also decomposed 
biologically and non-biologically [15].  In general, 
the review of various studies shows that to use 
nanoparticles as fertilizer, these nanoparticles 
should be used in the right concentration. The 
use of these nanoparticles in high concentrations 
produces toxic effects on plants and living 
organisms in the soil. Environmental effects and 
risks associated with nanotechnology have been 
investigated by various researchers. For example, 
investigations of the fate of nanoparticles in soil 
[17]. Biological mechanisms [18] and transport 
and bioavailability of nanoparticles in water and 
soil environment [13]. 

MACRONUTRIENT NANOFERTILIZERS
Macronutrient nano fertilizers contain one or 

more nutrients, such as potassium, phosphorus, 
nitrogen, magnesium, and calcium that can supply 
these elements to plants [6]. Nutrient fertilization is 
an essential factor in yield production. Total non-
fertilizer nutrients (N, P2O5, and K2O) are projected 
to reach 50.21 million tons by 2020 [1319]. Due to 
the loss of macronutrient elements such as nitrogen 
(N), phosphorus (P), and potassium (K) in the soil 
by 40-70, 80-90, and 50-90%, respectively their use 
in agriculture has increased [8]. 

Nitrogen (N NPs)
Nitrogen plays a vital, role in plants' nitrogen 

consumption efficiency plants from soluble 
nitrogen fertilizers, such as urea are often as low as 
30–40%. In the case of high nitrogen content in the 
soil, a significant loss of nitrogen will occur in the 
form of volatile ammonia (NH3), nitrate leaching 
(NO3), nitrous oxide (N2O), immobilization 
denitrification, and leaching. Also, the high 
nitrogen fertilizer consumption leads to economic 
and environmental damages [20-22]. 

Potassium (K NPs)
Potassium fertilizers are one of the main 

fertilizers to increase crop yield. Potassium 
increases plant photosynthesis, and carbon dioxide 

absorption and facilitates carbon transfer. Potassium 
has favorable effects on the metabolism of nucleic 
acids, vitamins, and proteins. Also, potassium plays 
a role in osmotic regulation, membrane potential 
regulation, and plant metabolism [23-25]. Rady 
et al., [23] investigated the effects of potassium 
nano-fertilizer in salinity conditions on squash 
plants. The results showed that the application of 
this nano-fertilizer increased the photosynthetic 
pigment contents, photosynthetic efficiency, 
nutrient contents, and K+/Na+ ratio.

Phosphorus (P NPs)
One of the engineering challenges associated 

with fertilizer use is the improvement of nutrient 
release and absorption by plants [26]. Ideally, the 
release of nutrients from nanofilters should be 
controlled in a manner appropriate to the plants' 
needs. It should be noted that the supply of nutrients 
to meet the needs of plants reduces the conversion 
of nutrients to some forms of phosphorus sources, 
which are unavailable to plants. Also, it reduces 
environmental casualties [11, 27]. 

New phosphorus fertilizers, including apatite 
nanoparticles, have been developed to enhance 
agronomic performance, increase phosphorus 
application efficiency, and decrease eutrophication. 
These fertilizers exhibit significantly lower 
interactions with the soil, with a substantial 
proportion of the nanoparticles in the soil solution 
being absorbed by the roots In contrast, most 
phosphate ions in petrochemical fertilizers are 
absorbed by the soil, leading to reduced plant 
uptake [6].

 The potential of hydroxyapatite nanoparticles 
(HAp NPs) as a replacement for conventional 
phosphorus fertilizers was investigated. 
Carboxymethyl cellulose (CMC) stabilized 
HAp NPs were used as a phosphorus fertilizer 
on soybeans, demonstrating increased biomass 
content compared to TSP (triple superphosphate) 
samples [2819]. Furthermore, investigations on 
HAp NPs in both andisol and oxisol acidic soils, 
focusing on wheat (Triticum aestivum), revealed 
that the faster dissolution of HAp NPs compared 
to bulk HAp resulted in higher efficiency than 
conventional fertilizers [29]. 

The efficiency of HAp NPs on other plants is 
also confirmed by increased plant yields. HAp 
NPs are used as a phosphorous source for the 
lettuce (Lactuca sativa L.) plant and have shown 
beneficial properties. Apart from hydroxyapatite, 
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other NPs are applied as a phosphorus nutrient 
source to plants. Nanozeolite is of interest for this 
purpose [30]. Hagab et al. [31] studied nanozeolite 
phosphorus fertilizers (20.9% P2O5), to supply the 
phosphorus required by the peanut plant, and the 
results of their study showed that the use of this 
type of fertilizer increased plant yield and reduced 
environmental risks.

Calcium Nanoparticles (Ca NPs)
Calcium is among the essential nutrients for 

plants, with concentrations ranging from 0.1 to over 
5% of the dry weight. Calcium plays a vital role in 
the stability of cell walls and membranes and plant 
growth [32, 33].  Beyond its structural role in cell 
walls and membranes during cell wall formation, 
calcium functions as the second messenger within 
cells and membranes. Additionally, calcium 
enhances plants' resistance to diseases[34]. The 
deficiency of Ca in the soil is rare. Xiumei et al. [32] 
conducted a study on the efficiency of nanocalcium 
carbonate on peanuts in a greenhouse experiment. 
However, using nanocalcium fertilizers has 
shown advantageous effects on the plant's growth. 
Applying nanoCaCO3 fertilizer combined with 
humic acid and organic fertilizers increased peanut 
growth improved the physiological properties of 
peanut plants, and could advance the absorbability 
of nutrient elements by peanuts.

 Deepa et al. [35] showed that the nanoparticles 
of calcium oxide (n-CaO), unlike bulk materials, 
can be transported through the phloem tissue 
of groundnut. The foliar application of n-CaO 
with dosages of 500 ppm and average sizes of 
approximately 30 nm increased groundnut growth. 
Yugandhar et al. [38] studied the biosynthesis of 
CaCO3 (Calcite) nanoparticles by using CaCl2. In 
this study, selective boswellia ovalifoliolata plant 
species were used as a reducing agent for CaCO3 
biosynthesis. The results showed that applying 
of calcite nanoparticles has increased the seed 
germination and the seedling growth of V mungo. 
Also, nano-calcium fertilizer is suitable for tomato 
plants under salinity stress conditions [39, 40]. 

Magnesium Nanoparticles (Mg NPs)
Magnesium (Mg) is one of the main minerals 

needed by plants primarily serving as a cofactor for 
various enzymes including photosynthetic carbon 
fixation and metabolism [41, 42]. In recent decades, 
the importance of magnesium for plants has not 
been adequately emphasized. However, in recent 

decades, the importance of magnesium for plants 
has not been adequately emphasized. In comparison 
with other nutrients, much attention has been 
given to its counterparts by agronomists and 
scientists, leading to the term "Forgotten Element" 
being applied to magnesium [43]. Delfani et al. [44] 
investigated the effect of iron and magnesium in 
two nano and bulk forms on black-eyed pea growth. 
The results showed that iron has increased plant 
yield, and increasing the amount of iron in leaf and 
plasma had led to more stability of membrane, and 
chlorophyll content. Magnesium also increased 
the plant yield and the combined application of 
iron and magnesium had a synergistic effect on the 
increase in the yield of plant production. Based on 
these reports, the use of new technologies, such as 
applying nano fertilizers in agriculture, is essential 
due to the inevitable impact of chemical fertilizers 
on agricultural products' production. A summary 
of the application of macronutrient nanofertilizers 
is given in (Table 1).

 However, in recent decades, the importance 
of magnesium for plants has not been adequately 
emphasized. In comparison with other nutrients, 
much attention has been given to its counterparts 
by agronomists and scientists, leading to the term 
"Forgotten Element" being applied to magnesium 
[43].

There is a critical challenge for decreasing the 
consumption of the elements in nutrients due 
to the new issues, which have resulted from the 
extensive consumption of these elements in the 
soil. The required concentration of these elements 
is low (≤100 ppm), but important, while many 
of them are included in protein structures, and, 
therefore, involved, in enzyme activation [48, 49]. 
Micronutrients (or trace elements), including Fe, 
Mn, Zn, Cu, and Mo in tiny amounts, combined 
with Hoagland's solution, are needed for proper 
plant growth. It has been shown that [50]  the use of 
low concentrations (˂ 5 mgL−1) of micronutrients 
as salt dissolved in NPK-containing composite 
fertilizers will produce sufficient nutrients and 
reduce environmental hazards. However, the 
availability of micronutrient elements for plants 
is decent, in the case of the low solubility of 
micronutrient elements, calcareous soils, high pH 
soil, coarse texture, and low organic matter (SOM) 
[6, 51]. The Nanoscale of micronutrients increases 
their bioavailability to plants and increases the 
quantity and quality of the product through proper 
and balanced nutrition [4938]. 
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MICRONUTRIENT NANOFERTILIZERS
Iron Nanoparticles (Fe NPs)

Iron plays a fundamental role in various 
physiological and biochemical pathways of 
plants, particularly in photosynthesis. Iron 
deficiency in plants reduces the efficiency of 
chlorophyll in photosynthetic efficiency [52]. 
In one study, iron nano fertilizer was compared 
with iron chelate, and the results showed 
that the application of nano-iron fertilizer 
improved the growth of the plant and had a 
positive effect on the biochemical properties of 
Catharanthus roseus [53]. The higher efficiency 
of nano iron fertilizer on the plant's growth 
and yield is confirmed in different studies [54, 
55]. Hu et al. [56] used citrus maxima plants 
in their research and treated them with various 
concentrations of γ-Fe2O3 NPs and Fe3+ ions. 
Using γ-Fe2O3 NPs with a concentration of 50 
mg L-1, led to an increase in chlorophyll content 
and root activity. Also, their results show that 
the 100 mg L-1 concentration Fe3+ has a more 
phytotoxic impact than with γ-Fe2O3 NPs. Li et 
al. [57] reported that the application of γ-Fe2O3 
nanoparticles increased seed germination and 

chlorophyll content in corn (Zea mays L.). They 
showed that applying these nanoparticles at 20 
mg L-1 concentration increased root growth and 
resistance index. Also, at concentrations of 20-
100 mg L-1, MDA levels of corn roots of corn 
were increased compared to the control sample 
(Table 2).

Manganese Nanoparticles (Mn NPs)
Manganese (Mn) in plants is a necessary 

micronutrient that activates several critical 
physiological processes, particularly 
photosynthesis, and its deficiency in the plants 
causes chlorosis [58, 59]. The significance of 
manganese in agriculture production has been 
underestimated in the past [43]. However, 
much attention has been paid to this element by 
scientists in recent decades. Thus, Cakmak and 
Yazici [43] expressed the term "forgotten element" 
[43]. Pradhan et al. [60]  stated that manganese 
nanoparticles at a concentration of 0.05 mg L-1 have 
increased the growth of the mung bean plant (vigna 
radiata). The nanoparticles at the recommended 
values for leguminous plants perform better than 
common fertilizers such as MnSO4 (Table 2).

1 

 

 

 

 

Table 1. Investigation of macro-nutrient nanofertilizers in increasing plant yield.
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Zinc Nanoparticles (Zn NPs)
Zinc is an essential element for plant 

growth, playing a crucial role in regulating plant 
development and contributing to the nutritional 
needs of both humans and animals. It is necessary 
for various enzymatic reactions, increases plant 
tolerance under stress conditions, and significantly 
influences the protection of plants against free 

radicals [61, 62]. Bandyopadhyay et al. [48] 
studied using zinc oxide NPs, bulk zinc oxide, 
and zinc chloride on alfalfa. The results showed 
that at 500 and 750 mg kg-1 concentrations of zinc 
oxide, germination was reduced by 50%, and all 
concentrations of 

ZnCl2, ZnO, and ZnO NPs reduced root, and 
shoot biomass (Table 3).2 
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Table 2. Investigation of micronutrient Fe and Mn NPs in increasing plant yield.



T. R. Ardali et al. / Opportunities and Future Perspective of Nanofertilizers and Controlled Release ...

J. Water Environ. Nanotechnol., 9(2): 223-247 Spring 2024 229

Copper Nanoparticles (Cu NPs)
 Copper (Cu) is one of the plant's micronutrients 

that are relatively absorbed by the plant and plays 
a significant role in the photosynthesis process. 
Also, copper contributes to RNA synthesis and 
activates various enzymes [75]. The effects of 
Cu NPs on Vigna unguiculata (cowpea) were 
investigated and revealed that increased the 
uptake of this element and increased APX and GR 
activity in root and leaf tissues [76]. Furthermore, 
the level of APX- and GR activity can be a useful 
prediction tool for evaluating the toxicity of 
nano-copper in this plant. CAT activity in the 
root increased by both nanoparticles of copper is 
increased, while these nanoparticles reduced the 
activity of SOD in the leaf and root. The toxicity 
of NPs in Vigna unguiculata is observed by 
antioxidant enzymes' response (Table 4).

Molybdenum Nanoparticles (Mo NPs) 
One of the essential elements for plant growth is 

molybdenum, although relatively needed by plants 
in lower amounts than other elements. However, 
this element plays a vital role in regulating the vital 
functions of the plant. That is, nitrate is converted 
to nitrite and ammonium [77]. Taran et al. [78] 
have revealed that knot creation in combination 
with the treatment of seed with Mo NPs with a 
concentration of 8 mg L-1 was four times higher 
than the control. Also, increasing the number of 
nodules and increasing chickpea yield in CSNM 
treatment were more than microbial treatments. 
Kanneganti and Talasila [79] used MoO3 NPs to 
study the germination of the percentage of vigna 
unguiculata and their results showed that the use 
of these nanoparticles increased seed germination 
and plant growth.
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Table 3. Investigation of micronutrient Zn NPs in increasing plant yield.
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BENEFICIAL ELEMENT
Beneficial elements are those that increase 

plant growth in many herbaceous species, and, 
when present in the environment, contribute to 
improved plant growth. Also, the concentration 
required for different plant species varies, but it 
is not necessary to complete the vital cycle of the 
plant. Several beneficial elements for plant growth 
include Aluminum (Al), silicon (Si), sodium 
(Na), cobalt (Co), and selenium (Se). Plants' 
resistance to environmental stresses increases 
with these beneficial elements [8675]. Beneficial 
elements are those that enhance plant growth in 
various herbaceous species and, when present in 
the environment, contribute to improved plant 
growth. The required concentration varies for 
different plant species, although it may not be 
necessary for the completion of the plant's vital 
cycle. Several beneficial elements for plant growth 
include aluminum (Al), silicon (Si), sodium (Na), 
cobalt (Co), and selenium (Se). The presence 
of these beneficial elements increases plants' 

resistance to environmental stresses.

Silicon Nanoparticles (Si NPs)
In the early 1900s, silica was considered one of 

the essential elements required for plants. However, 
its need for plants is still under discussion. At 
the same time, there is insufficient evidence to 
show a direct role of silica in plant metabolism 
and the production of silica-containing organic 
compounds. Various forms of silica are used to 
produce agricultural fertilizers that improve crop 
growth. Plants usually use silica in mono and 
poly-silicic acids [87]. According to the authors, 
nano silica improves plant growth by increasing 
the accumulation of proline, amino acids, and 
the concentration of nutrients, which enhances 
the efficiency of the photosynthetic system [88]. 
A study on corn and barley showed that nano 
FeSiO2 had reduced the germination time of crops 
[89]. There is a hope that using silicon is efficient 
in reducing the effects of biotic stresses caused 
by pests, diseases, and abiotic stresses [90]. Pei 
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Table 4. Investigation of micronutrient Cu NPs in increasing plant yield.
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et al. [91] reported that while the role of silica as 
an essential element in plant growth has not yet 
been definitively determined, its beneficial effects 
on growth, yield, and increased resistance to 
environmental stresses in various plants have been 
proven. The application of nanosilica had positive 
effects on the germination, root, and stem length, 
the efficiency of photosynthesis, and biomass of 
corn seedlings [92]. Although silicon is considered 
a non-essential nutrient for the majority of plants, 
this element's application enhances the yield of 
many crops, such as rice, chili, and sugarcane, and 
many horticultural crops [87, 93-100]. 

Silicon NPs have unique properties that give 
them different properties in terms of physical and 
chemical properties. Moreover, it can influence 
metabolism. The function of silicon in unfavorable 
environmental conditions by entering plant 
tissues is observed [97].  In the study by Wang et 
al. [101], the effects of nano-silicon on cadmium 
stress in rice plants have been investigated. It 
was observed that after the use of nanoparticles, 
plant growth increased and increased the amount 
of magnesium and iron and also increased the 
amount of chlorophyll in plants. Also, using 
these nanoparticles reduces cadmium toxicity by 
decreasing cadmium accumulation, the process 
of cadmium dispersion in the shoot, and the 
MDA level.

 In general, it can be said that the effects of 
cadmium stress in the plant are reduced by using 
silicon nanoparticles. Their results showed that the 
use of nano-silica increases the silicon content in 
the plant and the expression of organic compounds. 
The features of silica NPs, such as large surface 
areas, high diversity in surface functionalization, 
adjustable pore sizes and volumes, nontoxicity, 
biocompatibility, and stable mesoporous 
structures, have made them great candidates for 
various applications, especially nano fertilizers. 
However, fertilizer delivery systems based on 
nSiO2 have been less studied. An ideal controlled 
release system for fertilizer has the following 
characteristics: a) releasing the elements on 
demand, b) proper protecting of light unstable and 
easily hydrolyzable elements like urea from rapid 
degradation, c) reducing pollution in soil, water, 
and food products, d) reducing of soil compaction 
and quality deterioration, e) and decreasing of plant 
stress [102].  Table 5 shows some of the studies that 
evaluate the impact of Si or nano Si on different 
plants. Silicon in both bulk and nano types has 

different effects on plants, based on their size and 
properties and the type and growth stage of plants.

Selenium (Se) NPs
Selenium (Se) is a trace element essential for 

humans and animals in small amounts. However, 
excessive selenium quantities are toxic and could 
cause disease in humans [103, 104]. Wang et al. [105] 
have evaluated the effects of various Se forms on 
the accumulation and distribution of this element 
in the wheat-maize rotation cropping system. 
They also studied the residual concentration of 
selenium in products after applying fertilizer. Foliar 
Se increased selenium content in corn and wheat 
grain compared to the control treatment. A low 
concentration of nano-Se treatment was observed 
to cause an accumulation of this element in the 
plant tissue. This observation indicates less transfer 
than other selenium treatments. The availability 
of selenium depends on its distribution, chemical 
forms, and different plant species (Table 5).

NOVEL TECHNOLOGIES FOR THE 
FERTILIZATION OF NUTRIENTS

In this section, we will discuss the products 
and technical aspects of novel technologies 
for producing nanofertilizer nutrients. Plants 
need 17 elements to grow naturally and 
complete their life cycle. They include nitrogen, 
phosphorus, potassium, calcium, magnesium, 
sulfur, boron, chlorine, iron, manganese, zinc, 
copper, molybdenum, nickel, and three inorganic 
elements, carbon, hydrogen, and oxygen 13 
of which are taken from the soil. To provide 
these elements in the soil, nanofertilizers gently 
release these elements in the soil. This gradual 
release increases the mobility of nutrients within 
plants, leading to budding, rapid growth, and 
elevated nutrition levels [106]. In the last 20 
years, various slow/controlled-release fertilizers 
have been produced using hydration polymers, 
nitrification inhibitors, urea-formaldehyde, 
and other materials [107]. In many countries, 
applying advanced nitrogen fertilizers increases 
nitrogen uptake efficiency by 5- 8% [108] Low 
fertilizer-MUE efficiency in crop soils, usually 
less than 5%, affects crop production, increases 
production costs, and increases environmental 
hazards [109]. Hence, many researchers have 
tried to produce fertilizers that enhance MUE, 
while minimizing adverse material effects. One 
of the technologies that help solve this problem is 
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Nanofertilizers, which significantly increase MUE 
levels compared to conventional fertilizers [110].

Controlled-release of nutrients
Slow/controlled-release fertilizers are nutrient 

fertilizers that provide nutrients to the plant at the 
right time and increase plant access to nutrients. 
Controlled release nanofertilizer (CRF) fertilizers 
have limitations compared to traditional fertilizers: 
These fertilizers are more expensive due to the 
use of coatings in manufacturing. CRFs may be 
unable to provide nutrients based on plant needs 
[111]. Improper use of them, and inappropriate 
places of their use, prevent their practical use 
[112]. CRF provides the nutrients plants need 

slowly and over time by using nanoscale carriers. 
Nanomaterial coatings may slow down the release 
of nutrients by various mechanisms. For example, 
porous nanofertilizers may have channels that 
retard nutrient release. Regarding the unique 
properties of nanoscale materials, the slow release 
of nutrients from this type of fertilizer causes these 
elements to be provided to plants slowly over time. 
It could be due to high surface tension and more 
vital intermolecular interaction, which is a result 
of the immediate dissolution of fertilizers [113, 
114]. Therefore, fertilizer's controlled release has 
a high potential to improve fertilizer application 
efficiency and reduce environmental problems 
[115]. Nanoparticles, coatings, or capsules facilitate 
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Table 5. Nanoparticles reportedly enhanced plant growth by providing beneficial elements, Si NPs and Se NPs
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slow or controlled diffusion. The release of 
nutrients through polymeric membranes/capsule-
controlled release fertilizers is independent of the 
soil properties, such as pH, soil salinity, texture, 
microbial activity, regenerative potential, and ionic 
strength of soil solution. However, temperature and 
penetration are the factors, which affect the release 
process [116].

Production of slow-release fertilizers and 
fertilizers with good quality are the main problems 
of the chemical industry in agriculture. To date, 
providing macro and micro elements to plants and 
enhancing or retaining the desired performance 
has been an essential reason for using fertilizers 
[117]. An attractive approach for improving 
the formulation of fertilizers is using nanoscale 
materials. The meaning of the application of 
nanoscale materials as a carrier of elements is 
derived from the pharmaceutical industry to 
be slow/controlled release (SCR). Despite the 
application or coverage of commercial fertilizers 
having promising results, the widespread use of 
these materials has specific requirements, including 
competitive cost, suitability for agricultural 
applications, and being safe and healthy from 
an environmental perspective [118]. Coated and 
bonded nano and sub-nanocomposites by SCR 
Nanofertilizers can control the release of essential 
elements from the capsulated fertilizers [119]. 

Recently, several strategies have focused on 
studying the technologies to provide new delivery 
systems for nanofertilizers, which can adapt 

to changes that occur in the environment. The 
ultimate goal of Nanofertilizer production is the 
controlled (either slow or rapid) release of their 
cargo in response to various environmental signals 
(e.g., heat, moisture, etc.) [120]  (Table 6). In the case 
of polymer-coated fertilizers, the choice of coating 
material and application of coating techniques 
should be carefully considered. Scientists have 
studied different coatings to produce slow-release 
fertilizers to achieve adequate efficiency. Slow-
release fertilizers have been studied, and to date, 
many fertilizers with controlled-release mechanisms 
have reached the commercialization stage [121]. 
An exciting approach for obtaining controlled-
release fertilizers is using superhydrophobic bio-
based coating materials. In this regard, nano lauric 
acid copper is synthesized in a single step with the 
coating of urea fertilizer with bio-polyurethane 
and used as a controlled-release fertilizer. The 
synthesized nano lauric acid copper was a cost-
effective and multifunctional coating material for 
controlled release [122].

Nano-encapsulated nutrients
Nano-encapsulation of fertilizers is an effective 

method, which enhances the uptake of elements 
[123]. In this method, the given compound is coated 
or embedded in a homogeneous or heterogeneous 
matrix [124]. Nano-encapsulated fertilizer is a 
new method, which is performed in three ways: 1) 
encapsulation of nutrients by nanoporous materials, 
2) polymer coating, and 3) delivering as NPs or 6 

 
  

  

  
   

 
 

 
 

 

  
   

 

 

 

Table 6. Development of controlled/slow-release nanofertilizers and their impact on crops.
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nanoemulsions [125]. To prepare appropriate 
coatings, in a method, called the wet method, a 
polymeric solution or pure solvent (generally N, 
N-dimethylformamide) has been sprayed onto 
the fertilizer granules [126]. This coating reduces 
the release rate of the elements, which leads to 
slow-release fertilizers. The proper use of water 
and fertilizers is the prime potential application 
of the technology [127]. For example, mesoporous 
aluminosilicates, as nutrient delivery systems, can 
provide macro and microelements and MN to 
the soil and plant [109]. The composition of the 
capacity of three materials in immobilizing urease 
enzymes and hydrolyzing urea into ammonium 
has been investigated [128]. The materials include 
PE-MCM-41 (pore-expanded mesoporous silica), 
MCM-41, and silica gel. It was observed that the 
hydrolysis reaction rate on PE-MCM-41 is much 
lower than that on other materials. Huo et al. 
[129] used attapulgite clay minerals as a silica and 
aluminum source. The pore diameter, wall, and 
diaphragm of this embedded MS with copper NPs 
were smaller and thicker, compared to pure silica, 
and its thermal stability was higher. Yuvaraj and 
Sotremanyan [130] synthesized nano hollow core 
shells of manganese for the slow release of zinc 
nutrients. A significant increase in the efficiency 
of Zn in Oryza Sativa growth was noticed and 
reduced the waste of elements and environmental 
pollution. Therefore, more research is needed to 
apply nanotechnology to manufacture this type 
of fertilizer to reduce the cost of raw materials 
and optimal commercial production, effectively 
reducing environmental risks [111].

MATERIALS USED IN NANOFERTILIZERS 
(SLOW AND CONTROLLED RELEASED 
FERTILIZERS)

Today, various coatings have been used for 
slow-release fertilizers, including natural organic 
polymers such as peat, inorganic polymers such 
as sulfur, and synthetic polymers such as various 
resins [111, 117]. 

Polymeric materials 
Various materials were investigated for the 

nutrient's coatings for the slow-release purpose 
(including polymeric and non-polymeric 
materials). Apart from polymeric NPs, polymers 
with no nanostructure are used as binders or 
protective layers for nanostructured fertilizers [1]. 
A polymeric Nanofertilizer was reported by Kumar 

et al. [131], in which the fertilizer is a polymeric 
formulation of polyvinyl alcohol (PVA)-starch-
supported copper-zinc NPs, carrying carbon 
nanofibers (CNFs). In this study, the potential of 
a PVA-starch polymeric formulation has been 
evaluated, to be used as a base for the slow release 
of copper-zinc microelements carrying CNFs. To 
prepare this nanoparticle in a polymerization step, 
Cu-Zn/CNFs have been dispersed in a PVA/starch 
solution. 

Natural materials
For the slow release of nutrients and increasing 

productivity, various materials are used as coatings. 
Several efforts have been focused on providing 
environmentally friendly coatings for fertilizer 
production. Many of these coatings are made of 
natural materials. These natural coatings have many 
advantages over synthetic materials, including 
easy access and biodegradability [135]. A practical 
method for slowly releasing elements into the soil 
is fertilizer coatings with hydrated, soluble, or 
biodegradable polymers [136]. A number of both 
natural and synthetic polymers, including starch 
Kumar et al. [131], cellulose Bortolin et al. [136, 
139], and chitosan [140, 141] (have been examined 
(Fig. 1)).

Chitosan (CS)
Chitosan is a linear polysaccharide and is a 

derivative of glucan. It is cheap, biodegradable, and 
non-toxic. Chitosan is promising for application 
in the fertilizer industry for providing controlled 
release systems, especially as mixtures with 
hydrophobic materials, such as humic substances 
[136, 142]. The CS NPs obtained through the 
polymerization of methacrylic acid could be 
applied to produce NPK fertilizers [140]. The 
results show that the addition of nitrogen and 
potassium causes more stability of the colloidal 
suspension of chitosan-polymerized methacrylic 
acid compared to the addition of phosphorous. It 
could be due to the more anion charge of calcium 
phosphate than potassium chloride and urea. The 
effect of nano chitosan-polymerized methacrylic 
acid and chitosan on plant growth and crop yield 
of rice has been evaluated [141]. It was observed 
that nano chitosan increased the absorption of 
nitrogen, phosphorous, and potassium, which leads 
to vegetative growth, and grain yield of crops up 
to 49% compared to conventional NPK (nitrogen, 
phosphorous, and potassium). Furthermore, it 
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has led to the reduction of the rice growth cycle 
by 40 days. Also, these researchers examined 
the effect of foliar application of NPK loaded on 
chitosan NPs on wheat. Their findings indicate that 
using nanofertilizers increases plant growth and 
significantly enhances the harvest index and other 
wheat yield components [141].

Sodium alginate (SA)
Sodium alginate is a water-soluble polymer and 

natural anionic polymer and can be derived from 
brown seaweed (Phaeophyceae) as well as capsular 
polysaccharides in some bacteria [143]. However, 
sodium alginate-based hydrogels, similar to many 
biopolymer-based hydrogels, have low mechanical 
strength. To overcome this problem, physical or 
chemical modifications are used to improve SA 
hydrogels' properties [144]. The other problem with 
these hydrogels is that they do not always release 
the elements slowly, and they release the remaining 
elements explosively after a slow release. To solve 
this problem, fertilizers coated with sodium 
alginate have been attached to other polymers or 
materials [135]. Nitrogen fertilizer has produced 
SA hydrogels to increase fertilizer productivity 

and reduce environmental pollution [145]. An 
example of a sodium alginate application in coated 
fertilizers is potassium Nanofertilizer fabrication. 
This material is a SA by the ionotropic pre-gelation 
method reported by [113]. The controlled-release 
fertilizer contained 29.75 % of potassium (w/w), 
and only 14.6 % of the potassium was released after 
24 hours in the Britton-Robinson buffer mixture.

Starch and its derivatives
Starch is a natural biopolymer, which can be 

extracted in large amounts from different plant 
sources. Recently, researchers have focused on 
using starch and its derivatives to coat nutrients 
for fertilizer production. This is due to the 
biodegradability and beneficial properties of 
this biopolymer. Starch is low-cost, abundant, 
biocompatible, and capable of being renewed. 
Also, starch can be used as a biopolymer matrix 
for the fabrication of nanoscale materials. 
Thus, researchers have been using starch as an 
encapsulating agent to prepare agrochemical 
materials [146-148]. Some researchers developed 
a substrate from the polymeric formulation of 
PVA–starch for the slow release of the copper-zinc 

 

Fig. 1. Controlled release of nutrients through swollen coating membrane.
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microelements containing CNFs and examined the 
effects of nanoparticles on chickpea plants [131]. 
Their findings showed that this formulation can 
provide iron and zinc for the studied plant. The use 
of this fertilizer increases the growth of plants and 
reduces the harmful effects of ROS.

Cellulose
Cellulose is the most abundant natural 

biopolymer on earth [149]. Essawy et al. [138]  
synthesized a new superabsorbent polymer using a 
hybrid material, containing both CS and cellulose 
for the controlled release of nutrients into the soil. 
This fertilizer has improved the resistance to acidic 
conditions, has absorbed water, has increased 
mechanical strength, and has been resistant to 
temperature. Kotgoda et al. [139]  examined 
hydroxyapatite nanoparticles encapsulated in 
pressure conditions to load the nutrients into 
cavities of the softwood. The released nitrogen 
has been measured over time at three different 
pH levels. Nanofertilizer releases nitrogen slowly 
over 60 days, a significant advantage compared to 
commercial fertilizers.

Lignin
After cellulose, lignin is the second most 

naturally abundant and renewable biopolymer 
[150, 151]. Due to its helpful functional features, 
it has excellent potential for various applications 
in agriculture. Lignin is a relatively cheap and 
biocompatible polymer and can be derived 
from plants [135, 150]. Detroit [151] developed 
a slow-release fertilizer by cross-linking lignin 
with formaldehyde or formaldehyde-forming 
material, and combinations of glutaraldehyde and 
epichlorohydrin. This formulation provided slow-
release solubility to urea fertilizer. Using lignin 
and ethyl cellulose is suitable for producing a 
controlled-release formulation for urea fertilizer 
[152]. 

Biochar
Carbon-based materials are abundant materials, 

applied to the agricultural industry. These materials 
are eco-friendly, have useful physiochemical 
features, and are suitable materials for industrial 
applications [118]. Biochar is carbon-rich and is 
derived from the thermal pyrolysis of plant residues. 
Biochar could be used as a carrier agent to form 
high-quality nitrogen fertilizers, enriched with 
biochar matter [154, 155]. Utilization improved 

soil fertility and plant productivity. This material 
as a bio-fertilizer or preservative for controlled 
retirement of fertilizer has excellent effects on 
the environment, including increasing the profit 
of agricultural activities, decreasing the risk of 
eutrophication, strengthening the destroyed lands, 
reducing environmental pollution, and mitigating 
climate change [156-159]  (Table 7).

Nanoclays
Slow/controlled-release fertilizers could 

effectively prevent or reduce the loss of conventional 
fertilizers and environmental pollution [162]. 
Nanoclay polymer composites, as potential agro-
biotechnological materials, could improve the 
input use efficiency, especially fertilizer and water 
consumption under abiotic stress conditions. This 
composite material increases the water  retention 
capacity (WHC) and raises the release behavior 
of nutrients. In many recent studies, polymer 
compounds have been made with appropriate 
formulations for simultaneous water storage 
capacity improvement and proper nutrient release 
[163-164]. However, because pure polymers have 
high cost and their uses are not cost-effective in 
saltwater and soil, are not suitable [166]. In clay 
nanocomposite, the combination of nano clay and 
active material (for example, oxide nanoparticles, 
metal, and non-metal) can be used to transport 
micronutrients, pesticides, etc. for better crop 
growth [167]. Using composites of these polymers 
with cheaper fillers is a suitable approach for 
overcoming this problem. Highly permeable 
hydrogels tend to release nutrients quickly, and 
therefore, the production of materials with proper 
physical strength and nutrient-holding capacities 
is an aim. Various materials are used to build 
polymeric networks, including clay materials such 
as attapulgite, montmorillonite, kaolin, mica, and 
vermiculite. These materials are of interest, due 
to their low price and swelling properties, which 
improve the properties of hydrogels [162]. Liang 
and Liu [165] reported that the diffusion coefficient 
of urea had been reduced by the application of 
kaolin nanopowder, a super absorbent polymer.

Zeolite-based Nanomaterials
The use of nanocomposite fertilizers and 

nanofertilizers has some advantages, and the 
controlled release of nutrients needed by plants is 
one of them [11]. The controlled and slow release 
of nutrients by these fertilizers improves nutrient 
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utilization efficiency. It prevents the fixation or 
loss of elements in the environment [167]. And 
supplies a range of proper concentrations [169]. 
Zeolite and nanoporous zeolite are applied as slow-
release fertilizers in agriculture [170-172]. Slow-
release zeolite-based nanofertilizers incorporating 
urea, potassium sulfate (K2SO4), and calcium 
hydroxyapatite have improved the availability 
for 60 days [139]. A slow-release nanocomposite 
fabricated using nanoclays and zeolite regulated 
nitrogen availability for up to 45-49 days for maize 
[173]. 

Silica-based Nanomaterials
Silica has been demonstrated as a crucial 

material for enhancing crop production, leading 
to its widespread use in the production of various 
fertilizers [174]. Extending biocompatible nano 
silica is significant, due to an environmental 
viewpoint. Consequently, biocompatible nano 
silica is synthesized, and its efficiency is assessed 
[175]. The results indicate that the California 
Bearing Ratio (CBR) strength of nanosilica-cured 
soil increased the optimum amount of biogenic 
Nanosilica [176]. 

Modification of mesoporous silica surfaces can 
enhance their adsorption features by providing 
a better surface for electrostatic interaction 
or by offering binding sites for metals [177]. 
These unique properties make them excellent 
nanomaterials in drug delivery systems, catalysts, 
etc. [178-180]. However, a rare attempt has been 
made to study fertilizer delivery systems based 
on MSN [102]. Modification of mesoporous silica 
surfaces can improve their adsorption features by 

offering a better surface for electrostatic interaction 
or by offering binding sites for metals [177]. It was 
found that the KIT-6 loaded by phytase efficiently 
hydrolyzed phytate and delivered inorganic P to 
growing Medicago truncatula plants. The plants 
accumulated this newly available P in their roots and 
shoots [181]. Researchers reported the controlled 
release of salicylic acid from decanethiol-gated 
MSNs in A. thaliana, and cellular glutathione was 
used as a stimulus [182].

Phytase enzyme is made by a large number 
of bacteria and fungi. It can mobilize the phytate 
a general organic form of P. Plants release a small 
amount of the enzyme into their rhizosphere [183]. 
Trouillefou et al. [181] used nanoporous siliceous 
materials. These nanomaterials are tunable to 
accommodate most proteins. They immobilized 
phytase in silica mesoporous nanomaterials. Silica 
increases salinity tolerance in plants [184, 185]. 
Of this property, Mushtaq et al. [186] used nano 
silica as a controlled release system to increase 
salinity tolerance. The nanoparticles are modified 
by sodium alginate and lanolin to increase water 
uptake. The release showed slow, and the particles 
were stable for up to 6 months at room temperature. 
A hybrid silica-based material is synthesized for the 
controlled release of urea. The nanoparticles were 
shown to be stable, and the release was performed 
for up to 10 days under ambient conditions [187].

Carbon-based Nanomaterials
Nano-carbon materials can be used as nutrient 

carriers in agriculture due to their unique properties, 
especially the high surface-to-volume ratio. These 
materials can retain water and nutrients for a long 
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Table 7. Merit and demerits of natural materials used in nanofertilizers.
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time and provide them with water and nutrients in 
a suitable proportion the plants need. This property 
could reduce environmental pollution. Due to these 
characteristics, these nanomaterials are classified 
as intelligent fertilizers [59]. In recent studies, 
the efficiency of various carbon nanomaterials, 
including carbon nanohorns, carbon dots, carbon 
nanotubes, graphene oxide, and fullerenes C60, 
has been studied on different plants [188-190]. 
These nanomaterials have had optimistic effects 
on the germination of seeds, growth, and plant 
yield. However, some studies have reported the 
side effects of carbon-based nanoparticles on the 
physiological traits of plants [191-192]. 

The use of graphene oxide in the synthesis of 
new fertilizers and slow-release fertilizers was 
investigated [193-194]. Graphene oxide-enriched 
biochar was synthesized as a nutrient carrier for 
copper and zinc elements, and it was investigated 
on bean plants, zinc and copper elements in this 
fertilizer were less soluble in water, and the use of 
graphene oxide increased the effectiveness of the 
fertilizer) [193]. The study of Kabiri et al. [194], 
used GO-supported graphene sheets as a new 
material for nutrient utilization and showed that 
these sheets allow the slow release of consumables 
such as Zn and Cu. They stated that nutrient 
release in the fertilizers made with graphene oxide 
had two stages. In the first stage, when the plant 
needs more nutrients, the release is faster, and in 
the later stages of plant growth, when the release of 
fertilizer is slower, it creates conditions suitable for 
plant growth and reduces the loss of micronutrient 
elements.

For the first time, the carbon nanotubes 
application in agriculture began the research 
by Khodakovskaya et al. [188]. The researchers 
indicated that carbon nanotubes (CNTs) increase 
water penetration into tomato seeds, increasing 
their growth and seed germination. Liang et al. 
[189] examined different concentrations of CNP in 
tobacco plants. Their results showed that applying 
these carbon-based nanomaterials enhanced the 
amount of nitrogen and potassium in plants and 
increased plants growth, compared to conventional 
fertilizers. Also, the results of a study by Tripathi 
et al. [190] showed that using water-soluble carbon 
nano-onions (wsCNO) increases fruit yield, protein 
production, and the absorption of micronutrients. 
Also, this type of fertilizer can act as a stimulant 
for the growth and development of plants. Wang 
et al. [195] examined the effects of carbon dots on 

mung bean plant growth. Their results showed that 
the application of this fertilizer has increased root 
and stem growth and has increased biomass and 
chlorophyll content. More studies are needed in the 
application of this type of nanofertilizers, due to the 
different effects on the plants. Their effects on the 
ecosystem need to be examined more closely.

UPTAKE AND TRACK OF DELIVERED 
NANOSYSTEMS

Plants are one of the most important and 
potential routes for transferring nanoparticles 
in the environment and their accumulation in 
the food chain Nair et al. [196] most MNs are 
mainly adsorbed from soil solution as ionic 
organic chelates. They are also absorbed as ions. 
MNs are obtained from plant roots through active 
diffusion or transfer from the soil solution. After 
adsorption of Fe, Zn, Mn, and Cu nanoparticles 
from the soil solution, these nanoparticles are 
transported through the root membrane of the 
root or leaf to the woody vessel for transfer, use, 
internal recycling, and storage in the plant [109]. 
After the uptake of nanoparticles by plants, the 
plant cell wall acts as a barrier to the easy entry 
of any foreign agent, including nanoparticles, into 
plant cells [196].

Therefore, only nanoparticles whose diameter 
is less than the diameter of the cell wall's 
pores can pass easily through these pores and 
reach the outer membrane. Cell wall cavities 
have dimensions between 5 and 20 nm. Thus, 
theoretically, nanoparticles with dimensions less 
than 20 nm can pass through the cell wall [196]. 
The engineered nanomaterials (ENMs) may be 
translocated through the cells via plasmodesmata, 
approximately 40 nm wide. Also, it is easy to collect 
very small ENMs through apoplastic pathways. 
However, in the case of significant particles, the 
chemical composition of their surface can have 
a large effect on stimulating adsorption [197] 
however, there are many aspects of the adsorption 
mechanism. The transfer of nanomaterials in 
plants has not been studied and these aspects need 
to be the focus of future research in this field.

CHALLENGES AND CURRENT 
PERSPECTIVES ON NANO FERTILIZER 

Although nanotechnology has different 
applications in human life, such as agriculture, 
industry, food, medicine, and cosmetics [197], 
due to the reactivity of nanoparticles due to their 



T. R. Ardali et al. / Opportunities and Future Perspective of Nanofertilizers and Controlled Release ...

J. Water Environ. Nanotechnol., 9(2): 223-247 Spring 2024 239

unique properties, such as their small size and 
large area, there are many concerns about their 
undesirable environmental effects on biological 
systems and safe application of nanotechnology 
[4]. There is much research on the health and 
environmental impacts and safety concerns 
of nanotechnology. Furthermore, there are 
many studies which are conducted on animals. 
Additionally, it is reported that the people who 
are directly exposed to nanomaterials, i.e., the 
type of research, and the workers are in real 
peril. Therefore, it is desired that nanotechnology 
innovation should be continuous, but the relevant 
regulatory rules should be in place [198].

Since fertilizers are the most crucial fertility 
factor in soil, supply, maintenance, distribution, 
and optimal use of fertilizer, balanced plant 
nutrition, and monitoring of fertilizer quality are 
some of the main concerns of the agricultural 
sector. Although a wide range of nano fertilizers 
is made, the lack of global rules and standards for 
the use of nano fertilizers, such as the amount and 
manner of their use, as well as the assessment of 
their toxicity risks, as well as the non-assessment of 
environmental hazards, the quality of monitoring 
challenged on fertilizer. Because the absorption, 
transfer, and accumulation mechanism varies 
with plant species, precise information on the 
nature of the products with their adsorption/
adsorption behavior before their application and 
their application method is necessary [199]. Also, 
studies should be conducted on the evolution, fate, 
and bioavailability of NPPs in the environment 
[200]. 

Future research should focus on the 
development of nanoscale recycling techniques 
and materials and the measurement of their 
release to environmental systems [201]. Future 
research can focus on the release and movement 
of nanoparticles in the plant and their localization 
in the cell and on tracing the fate of metals 
encapsulated in nanoparticles. [202, 207]. Also, 
more research should be done on the toxicity 
caused by carrier residues in plants or soils and 
solving their possible problems [203]. Various 
studies have been conducted on the impact of 
nanoparticles on the environment and their 
positive effects on the removal of environmental 
pollution have been reported, [204-208]. However, 
the impact of these NPs on the environment 
and their tracking should be more thoroughly 
investigated in the environment.

CONCLUSION AND FUTURE ROADMAP 
FOR USING NANOFERTILIZERS AND 
NANONUTRIENTS

Given the widespread application of 
nanotechnology in various agricultural sectors, its 
significance in this domain has become paramount. 
Considering the food security issues for the world's 
growing population and facilitating the trade of 
efficient and eco-friendly fertilizers, comprehensive 
and complete assessments are needed in this area. 
These assessment systems shall be developed based 
on the projected challenges to maintain global 
food security against the growing population and 
to facilitate the trade of efficient and eco-friendly 
fertilizers. 

Considering that the fate of nanoparticles is 
mostly unknown in the ecosystem and limited 
information about the effects of these substances 
on ecosystem health, environmental removal, and 
safe disposal of nanomaterials, the toxicity of these 
materials has to be continuously evaluated. It is 
essential to develop and implement appropriate 
programs and world standards for these. For 
example, environmentally - friendly fertilizers seem 
to be an effective way to improve the efficiency of 
using nutrients, minimize leaching, and reduce the 
environmental risks resulting from a reduction or 
even control of nutrient emissions.

 
CONFLICT OF INTEREST

The authors declare no conflict of interest.

REFERENCES
[1] Guo, H., J.C. White, Z. Wang, and B. Xing, 2018. Nanoenabled 

fertilizers to control the release and use efficiency of 
nutrients. Curr Opin Environ Sci Health, 6:77-83. https://
doi.org/10.1016/j.coesh.2018.07.009.

[2] Ditta, A. and M. Arshad, 2016. Applications and perspectives 
of using nanomaterials for sustainable plant nutrition. 
Nanotechnol Rev, 5(2):209-229. https://doi.org/10.1515/
ntrev-2015-0060.

[3] Gutiérrez, C.s.A. Ledezma-Delgadillo, A. , Juárez-Luna, 
G. , Neri-Torres, E.E.; Ibanez, J.G.; Quevedo, I.n.R,  2022. 
Production, Mechanisms, and Performance of Controlled-
Release Fertilizers Encapsulated with Biodegradable-Based 
Coatings. ACS Agric. Sci. Technol, 2(6):1101-1125. https://
doi.org/10.1021/acsagscitech.2c00077.

[4] Dimkpa, C.O. and P.S. Bindraban, 2017. Nanofertilizers: new 
products for the industry? Journal of agricultural and food 
chemistry, 66(26):6462-6473. https://doi.org/10.1021/acs.
jafc.7b02150.

[5] Pal, A., P. Kaur, N. Dwivedi, J. Rookes, H. B. Bohidar, W. Yang, 
D. M. Cahill, and P. K. Manna, 2017. Facile preparation of 
iron loaded calcium alginate nanocarriers and study of 
controlled release of iron. J Environ Chem Eng, 5(6):5337-

https://doi.org/10.1016/j.coesh.2018.07.009
https://doi.org/10.1016/j.coesh.2018.07.009
https://doi.org/10.1515/ntrev-2015-0060
https://doi.org/10.1515/ntrev-2015-0060
https://doi.org/10.1021/acsagscitech.2c00077
https://doi.org/10.1021/acsagscitech.2c00077
https://doi.org/10.1021/acs.jafc.7b02150
https://doi.org/10.1021/acs.jafc.7b02150


240

T. R. Ardali et al. / Opportunities and Future Perspective of Nanofertilizers and Controlled Release ...

J. Water Environ. Nanotechnol., 9(2): 223-247 Spring 2024

5346. https://doi.org/10.1016/j.jece.2017.10.019.
[6] Liu, R. and R. Lal, 2015. Potentials of engineered 

nanoparticles as fertilizers for increasing agronomic 
productions. Sci. Total Environ, 514:131-139. https://doi.
org/10.1016/j.scitotenv.2015.01.104.

[7] Teng, Q., D. Zhang, X. Niu, and C. Jiang, 2018. Influences of 
application of slow-release Nanofertilizer on green pepper 
growth, soil nutrients and enzyme activity. in IOP conference 
series: earth and environmental science. IOP Publishing. 
https://doi.org/10.1088/1755-1315/208/1/012014.

[8] Avila-Quezada, G.D., A.P. Ingle, P. Golińska, and M. Rai, 
2022. Strategic applications of Nanofertilizers for sustainable 
agriculture: Benefits and bottlenecks. Nanotechnol Rev, 
11(1):2123-2140. https://doi.org/10.1515/ntrev-2022-0126.

[9] Kottegoda, N., I. Munaweera, N. Madusanka, D. Sirisena, N. 
Dissanayake, G. A. Amaratunga, and V. Karunaratne, 2012. 
The advent of nanotechnology in smart fertilizer. World 
Agric, 3(5). https://doi.org/10.1021/acsnano.6b07781

[10] Kah, M., R.S. Kookana, A. Gogos, and T.D. Bucheli, 2018. 
A critical evaluation of nanopesticides and Nanofertilizers 
against their conventional analogues. Nature 
nanotechnology, 13(8):677-684. https://doi.org/10.1038/
s41565-018-0131-1

[11] DeRosa, M. C., C. Monreal, M. Schnitzer, R. Walsh, 
and Y. Sultan, 2010. Nanotechnology in fertilizers. 
Nat Nanotechnol, 5(2):91-91. https://doi.org/10.1038/
nnano.2010.2.

[12] Zhong, K., Z.-T. Lin, X.-L. Zheng, G.-B. Jiang, Y.-S. Fang, 
X.-Y. Mao, and Z.-W. Liao, 2013. Starch derivative-based 
superabsorbent with integration of water-retaining and 
controlled-release fertilizers. Carbohydr Polym, 92(2):1367-
1376. https://doi.org/10.1016/j.carbpol.2012.10.030.

[13] Amde, M., Liu, J.F., Tan, Z.Q, and D.Bekana, 2017. 
Transformation and bioavailability of metal oxide 
nanoparticles in aquatic and terrestrial environments. 
A review. Environ. Pollut,  230 :250-267. https://doi.
org/10.1016/j.envpol.2017.06.064.

[14] Belal, E.S, and H El-Ramady, 2016. Nanoparticles in water, 
soils and agriculture. Nanoscience in food and agriculture, 
2:.311-358. https://doi.org/10.1007/978-3-319-39306-3_10.

[15] Ferdosi A. Environmental Risk Assesment of Nanomaterials. 
2008. National conference of new materials.

 [16] Batley, G.E., Kirby, J.K, and M.J. McLaughlin, 2013. Fate 
and risks of nanomaterials in aquatic    and terrestrial 
environments. Acc. Chem. Res, 46(3):854-862. https://doi.
org/10.1021/ar2003368

[17] Cornelis, G., Hund-Rinke, K., Kuhlbusch, T., Van den 
Brink, N, and C. Nickel, 2014. Fate and bioavailability 
of engineered nanoparticles in soils: a review. Crit. Rev. 
Environ. Sci. Technol, 44(24), pp.2720-2764. https://doi.or
g/10.1080/10643389.2013.829767.

[18] Nel, A., Xia, T., Madler, L, and N. Li, 2006. Toxic potential 
of materials at the nanolevel. science, 311(5761): 622-627. 
https://doi.org/10.1126/science.1114397.

 [19] FAO, F., 2017. World fertilizer trends and outlook to 
2020,2017. 

[20] Ramirez, F., V. González, M. Crespo, D. Meier, O. Faix, 
and V. Zúñiga, 1997. Ammoxidized kraft lignin as a slow-
release fertilizer tested on Sorghum vulgare. Bioresource 
technology, 61(1):43-46. https://doi.org/10.1016/s0960-
8524(97)84697-4.

[21] Zhou, L., L. Chen, R. Li, and Z. Wu, 2003. Behavior of 
soil urea N and its regulation through incorporating with 
inhibitors hydroquinone and dicyandiamide. Fertilization 
in the third millenium fertilizer, food security and 
environmental protection, proceedings, 2:3-9

[22] Grant, C., R. Wu, F. Selles, K. Harker, G. Clayton, S. 
Bittman, B. Zebarth, and N. Lupwayi, 2012. Crop yield and 
nitrogen concentration with controlled release urea and 
split applications of nitrogen as compared to non-coated 
urea applied at seeding. Field Crops Research, 127:170-180. 
https://doi.org/10.1016/j.fcr.2011.11.002.

[23] Rady, M.M., Mossa, A.T.H., Youssof, A.M., Osman, A.S., 
Ahmed, S.M,  and I.A Mohamed, 2023. Exploring the 
reinforcing effect of nano-potassium on the antioxidant 
defense system reflecting the increased yield and quality 
of salt-stressed squash plants. Sci Hortic, 308, p.111609. 
https://doi.org/10.1016/j.scienta.2022.111609.

[24] Sangakkara, U. R., M. Frehner, and J. Nösberger, 2000. 
Effect of soil moisture and potassium fertilizer on shoot 
water potential, photosynthesis and partitioning of carbon 
in mungbean and cowpea. J Agron Crop Sci, 185: 201-207.  
https://doi.org/10.1046/j.1439-037x.2000.00422.x.

[25] Bednarz, C. W, and D. M. Oosterhuis, 1999. Physiological 
changes associated with potassium deficiency 
in cotton. J Plant Nutr,  22: 303-313. https://doi.
org/10.1080/01904169909365628.

 [26] Sutton, M. A., A. Bleeker, C. Howard, J. Erisman, Y. 
Abrol, M. Bekunda, A. Datta, E. Davidson, W. De Vries, 
and O. Oenema, 2013. Our nutrient world. The challenge 
to produce more food & energy with less pollution, 2013. 
Centre for Ecology & Hydrology

[27] Wang, P., E. Lombi, F.-J. Zhao, and P.M. Kopittke, 2016. 
Nanotechnology: a new opportunity in plant sciences. 
Trends Plant Sci, 21(8):699-712. https://doi.org/10.1016/j.
tplants. 04.005.

[28] Liu, R. and R. Lal, 2014. Synthetic apatite nanoparticles as 
a phosphorus fertilizer for soybean (Glycine max). Sci. Rep, 
4(1):5686. https://doi.org/10.1038/srep05686.

[29] Montalvo, D., M.J. McLaughlin, and F. Degryse, 2015. 
Efficacy of hydroxyapatite nanoparticles as phosphorus 
fertilizer in andisols and oxisols. Soil Sci Soc Am J, 
79(2):551-558. https://doi.org/10.2136/sssaj2014.09.0373.

[30] Rajonee, A.A., S. Zaman, and S.M.I. Huq, 2017. Preparation, 
characterization and evaluation of efficacy of phosphorus 
and potassium incorporated Nanofertilizer. Adv Nanopart, 
6(02):62. https://doi.org/10.4236/anp.2017.62006.

[31] Hagab, R.H., Y.H. Kotp, and D. Eissa, 2018. Using 
nanotechnology for enhancing phosphorus fertilizer use 
efficiency of peanut bean grown in sandy soils. Journal 
of Advanced Pharmacy Education & Research| Jul-Sep, 
8(3):59-67

[32] Xiumei, L., Z. Fudao, Z. Shuqing, H. Xusheng, W. Rufang, 
F. Zhaobin, and W. Yujun, 2005. Responses of peanut to 
nanocalcium carbonate. J. Plant Nutr. Fertil., 11(3):385-389

[33] Thor, K., 2019. Calcium—nutrient and messenger. 
Frontiers in plant science, 10:440. https://doi.org/10.3389/
fpls.2019.00440.

[34] Ustun, N., H. Altunlu, I. Yokaş, and H. Saygili, 2007. 
Influence of potassium and calcium levels on severity of 
tomato pith necrosis and yield of greenhouse tomatoes. in II 
International Symposium on Tomato Diseases 808. https://

https://doi.org/10.1016/j.jece.2017.10.019
https://doi.org/10.1016/j.scitotenv.2015.01.104
https://doi.org/10.1016/j.scitotenv.2015.01.104
https://doi.org/10.1088/1755-1315/208/1/012014
https://doi.org/10.1515/ntrev-2022-0126
https://doi.org/10.1021/acsnano.6b07781
https://doi.org/10.1038/s41565-018-0131-1
https://doi.org/10.1038/s41565-018-0131-1
https://doi.org/10.1038/nnano.2010.2
https://doi.org/10.1038/nnano.2010.2
https://doi.org/10.1016/j.carbpol.2012.10.030
https://doi.org/10.1016/j.envpol.2017.06.064
https://doi.org/10.1016/j.envpol.2017.06.064
https://doi.org/10.1007/978-3-319-39306-3_10
https://doi.org/10.1021/ar2003368
https://doi.org/10.1021/ar2003368
https://doi.org/10.1080/10643389.2013.829767
https://doi.org/10.1080/10643389.2013.829767
https://doi.org/10.1126/science.1114397
https://doi.org/10.1016/s0960-8524(97)84697-4
https://doi.org/10.1016/s0960-8524(97)84697-4
https://doi.org/10.1016/j.fcr.2011.11.002
https://doi.org/10.1016/j.scienta.2022.111609
https://doi.org/10.1046/j.1439-037x.2000.00422.x
https://doi.org/10.1080/01904169909365628
https://doi.org/10.1080/01904169909365628
https://doi.org/10.1016/j.tplants
https://doi.org/10.1016/j.tplants
https://doi.org/10.1038/srep05686
https://doi.org/10.2136/sssaj2014.09.0373
https://doi.org/10.4236/anp.2017.62006
https://doi.org/10.3389/fpls.2019.00440
https://doi.org/10.3389/fpls.2019.00440
https://doi.org/10.17660/ActaHortic.2009.808.56


T. R. Ardali et al. / Opportunities and Future Perspective of Nanofertilizers and Controlled Release ...

J. Water Environ. Nanotechnol., 9(2): 223-247 Spring 2024 241

doi.org/10.17660/ActaHortic.2009.808.56. 
[35] Deepa, M., P. Sudhakar, K. V. Nagamadhuri, K. Balakrishna 

Reddy, T. Giridhara Krishna, and T. N. V. K. V. Prasad, 2015. 
First evidence on phloem transport of nanoscale calcium 
oxide in groundnut using solution culture technique. Appl 
Nanosci, 5:545-551. https://doi.org/10.1007/s13204-014-
0348-8 

[38] Yugandhar, P. and N. Savithramma, 2013. Green synthesis 
of calcium carbonate nanoparticles and their effects on 
seed germination and seedling growth of Vigna mungo (L.) 
Hepper. J. Adv. Res, 1(8):89-103

[39] Ranjbar, S., A. Ramezanian, and M. Rahemi, 2020. 
Nanocalcium and its potential to improve ‘Red Delicious’ 
apple fruit characteristics. Hortic Environ Biotechnol, 
61:23-30. https://doi.org/10.1016/j.scienta.2018.05.035

[40] Ranjbar, S., M. Rahemi, and A. Ramezanian, 2018. 
Comparison of nanocalcium and calcium chloride spray 
on postharvest quality and cell wall enzymes activity in 
apple cv. Red Delicious. Sci Hortic, 240:57-64. https://doi.
org/10.1016/j.scienta.2018.05.035

[41] Gransee, A. and H. Führs, 2013. Magnesium mobility in 
soils as a challenge for soil and plant analysis, magnesium 
fertilization and root uptake under adverse growth 
conditions. Plant Soil, 368:5-21. https://doi.org/10.1007/
s11104-012-1567-y

[42] Guo, W., H. Nazim, Z. Liang, and D. Yang, 2016. Magnesium 
deficiency in plants: An urgent problem. Crop J., 4(2):83-
91. https://doi.org/10.1016/j.cj.2015.11.003

[43] Cakmak, I. and A.M. Yazici, 2010. Magnesium: a forgotten 
element in crop production. Better crops, 94(2):23-25. 
https://doi.org/10.1007/s11104-007-9466-3

[44] Delfani, M., M. Baradarn Firouzabadi, N. Farrokhi, and 
H. Makarian, 2014. Some physiological responses of black-
eyed pea to iron and magnesium Nanofertilizers. Commun. 
Soil Sci. Plant Anal, 45(4):530-540. https://doi.org/10.1080/
00103624.2013.863911

[45] Adhikari, T., S. Kundu, V. Meena, and A.S. Rao, 2014. 
Utilization of nano rock phosphate by maize (Zea mays L.) 
crop in a vertisol of Central India. Journal of Agricultural 
Science and Technology. A, 4(5A)

[46] Li, Z. and J. Huang, 2014. Effects of nanoparticle 
hydroxyapatite on growth and antioxidant system in pakchoi 
(Brassica chinensis L.) from cadmium-contaminated soil. J 
Nanomater, 2014. https://doi.org/10.1155/2014/470962

[47] Sharma, A., S. Kumar, and R. Singh, 2022. Synthesis and 
characterization of a novel slow-release nanourea/chitosan 
nanocomposite and its effect on Vigna radiata L. Environ. 
Sci. Nano, 9(11):4177-4189. https://doi.org/10.1039/
D2EN00297C

[48] Bandyopadhyay, S., K. Ghosh, and C. Varadachari, 2014. 
Multimicronutrient slow-release fertilizer of zinc, iron, 
manganese, and copper. Int. J. Chem. Eng, 2014. https://
doi.org/10.1155/2014/327153

[49] Chhipa, H., 2017. Nanofertilizers and nanopesticides for 
agriculture. Environ. Chem. Lett, 15:15-22. https:// doi.
org/.1007/s10311-016-0600-4. https://doi.org/10.1007/
s10311-016-0600-4

[50] Hoagland, D.R. and D.I. Arnon, 1950. The water-culture 
method for growing plants without soil. Circ. - Calif. Agric., 
347(2nd edit)

[51] Fageria, N.K, 2016. The use of nutrients in crop plants, 

2016. CRC press. https://doi.org/10.1201/9781420075113
[52] Guerinot, M.L. and Y. Yi, 1994 Iron: nutritious, noxious, 

and not readily available. Plant Physiol, 104(3):815. https://
doi.org/10.1104/pp.104.3.815

[53] Askary, M., M.R. Amirjani, and T. Saberi, 2017. Comparison 
of the effects of nanoiron fertilizer with iron-chelate on 
growth parameters and some biochemical properties of 
Catharanthus roseus. J Plant Nutr, 40(7):974-982. https://
doi.org/10.1080/01904167. 1262399

[54] Rui, M., C. Ma, Y. Hao, J. Guo, Y. Rui, X. Tang, Q. Zhao, X. 
Fan, Z. Zhang, and T. Hou, 2016. Iron oxide nanoparticles 
as a potential iron fertilizer for peanut (Arachis 
hypogaea). Front. Plant Sci, 7:815. https://doi.org/10.3389/
fpls.2016.00815

[55] YOUSEFZADEH, S and N. Sabaghnia, 2016. Nanoiron 
fertilizer effects on some plant traits of dragonhead 
(Dracocephalum moldavica L.) under different sowing 
densities. Acta Agric Slov, 107(2):429-437. https://doi.
org/10.14720/aas.2016.107.2.15

[56] Hu, J., H. Guo, J. Li, Q. Gan, Y. Wang, and B. Xing, 2017. 
Comparative impacts of iron oxide nanoparticles and ferric 
ions on the growth of Citrus maxima. Environ. Pollut., 
221:199-208. https://doi.org/10.1016/j.envpol.2016.11.064.

[57] Li, J., J. Hu, C. Ma, Y. Wang, C. Wu, J. Huang, and B. Xing, 
2016. Uptake, translocation and physiological effects of 
magnetic iron oxide (γ-Fe2O3) nanoparticles in corn 
(Zea mays L.). Chemosphere, 159:326-334. https://doi.
org/10.1016/j.chemosphere.2016.05.083. Epub . Jun 15.

[58] Alloway, B.J., 2008. Micronutrient deficiencies in global 
crop production, 2008: Springer Science & Business Media. 
https://doi.org/10.1007/978-1-4020-6860-7

[59] Solanki, P., A. Bhargava, H. Chhipa, N. Jain, and J. Panwar, 
2015. Nanofertilizers and their smart delivery system. 
Nanotechnologies in food and agriculture:81-101. https://
doi.org/10.1007/978-3-319-14024-7_4

[60] Pradhan, S., P. Patra, S. Das, S. Chandra, S. Mitra, K. K. Dey, 
S. Akbar, P. Palit, and A. Goswami, 2013. Photochemical 
modulation of biosafe manganese nanoparticles on Vigna 
radiata: a detailed molecular, biochemical, and biophysical 
study. Environ Sci Technol, 47(22):13122-13131. https://
doi.org/10.1021/es402659t

[61] Cakmak, I., 2008. Enrichment of cereal grains with zinc: 
agronomic or genetic biofortification? Plant Soil., 302:1-17. 
https://doi.org/.10.1007/s11104-007-9466-3

[62] Peck, A.W. and G.K. McDonald, 2010. Adequate zinc 
nutrition alleviates the adverse effects of heat stress in bread 
wheat. Plant Soil, 337:355-374. https://doi.org/.10.1007/
s11104-010-0532-x

[63] Raiesi-Ardali, T., L. Maˈmani, M. Chorom, and A. Moezzi, 
2022. Improved iron use efficiency in tomato using 
organically coated iron oxide nanoparticles as efficient 
bioavailable Fe sources. sourcesChem. Biol. Technol. Agric., 
9(1):59. https://doi.org/.org/10.1186/s40538-022-00318-y

[64] Siva, G. and L. Benita, 2016. Iron oxide nanoparticles 
promotes agronomic traits of ginger (Zingiber officinale 
Rosc.). Int J Adv Res Biol Sci, 3(3):230-237. https://doi.
org/10.1186/s42269-021-00624-9

[65] Ghafariyan, M. H., M. J. Malakouti, M. R. Dadpour, P. 
Stroeve, and M. Mahmoudi, 2013. Effects of magnetite 
nanoparticles on soybean chlorophyll. Environ Sci Technol, 
47(18):10645-10652. https://doi.org/10.1021/es402249b

https://doi.org/10.17660/ActaHortic.2009.808.56
https://doi.org/10.1007/s13204-014-0348-8
https://doi.org/10.1007/s13204-014-0348-8
https://doi.org/10.1016/j.scienta.2018.05.035
https://doi.org/10.1016/j.scienta.2018.05.035
https://doi.org/10.1016/j.scienta.2018.05.035
https://doi.org/10.1007/s11104-012-1567-y
https://doi.org/10.1007/s11104-012-1567-y
https://doi.org/10.1016/j.cj.2015.11.003
https://doi.org/10.1007/s11104-007-9466-3
https://doi.org/10.1080/00103624.2013.863911
https://doi.org/10.1080/00103624.2013.863911
https://doi.org/10.1155/2014/470962
https://doi.org/10.1039/D2EN00297C
https://doi.org/10.1039/D2EN00297C
https://doi.org/10.1155/2014/327153
https://doi.org/10.1155/2014/327153
https://doi.org/10.1007/s10311-016-0600-4
https://doi.org/10.1007/s10311-016-0600-4
https://doi.org/10.1201/9781420075113
https://doi.org/10.1104/pp.104.3.815
https://doi.org/10.1104/pp.104.3.815
https://doi.org/10.1080/01904167.%201262399
https://doi.org/10.1080/01904167.%201262399
https://doi.org/10.3389/fpls.2016.00815
https://doi.org/10.3389/fpls.2016.00815
https://doi.org/10.14720/aas.2016.107.2.15
https://doi.org/10.14720/aas.2016.107.2.15
https://doi.org/10.1016/j.envpol.2016.11.064
https://doi.org/10.1016/j.chemosphere.2016.05.083
https://doi.org/10.1016/j.chemosphere.2016.05.083
https://doi.org/10.1007/978-1-4020-6860-7
https://doi.org/10.1007/978-3-319-14024-7_4
https://doi.org/10.1007/978-3-319-14024-7_4
https://doi.org/10.1021/es402659t
https://doi.org/10.1021/es402659t
https://doi.org/.10.1007/s11104-007-9466-3
https://doi.org/.10.1007/s11104-010-0532-x
https://doi.org/.10.1007/s11104-010-0532-x
https://doi.org/.org/10.1186/s40538-022-00318-y
https://doi.org/10.1186/s42269-021-00624-9
https://doi.org/10.1186/s42269-021-00624-9
https://doi.org/10.1021/es402249b


242

T. R. Ardali et al. / Opportunities and Future Perspective of Nanofertilizers and Controlled Release ...

J. Water Environ. Nanotechnol., 9(2): 223-247 Spring 2024

[66] Mukherjee, A., Y. Sun, E. Morelius, C. Tamez, S. 
Bandyopadhyay, G. Niu, J. C. White, J. R. Peralta-Videa, and 
J. L. Gardea-Torresdey, 2016. Differential toxicity of bare 
and hybrid ZnO nanoparticles in green pea (Pisum sativum 
L.): a life cycle study. Front. Plant Sci, 6:1242. https://doi.
org/10.3389/fpls.2015.01242. eCollection 2015.

[67] Wang, F., X. Liu, Z. Shi, R. Tong, C. A. Adams, and X. Shi, 
2016. Arbuscular mycorrhizae alleviate negative effects of 
zinc oxide nanoparticle and zinc accumulation in maize 
plants–a soil microcosm experiment. Chemosphere, 147:88-
97. https://doi.org/.10.1016/j.chemosphere.2015.12.076. 
Epub 2016 Jan 4.

[68] Mousavi Kouhi, S.M., M. Lahouti, A. Ganjeali, and M.H. 
Entezari, 2015. Comparative effects of ZnO nanoparticles, 
ZnO bulk particles, and Zn 2+ on Brassica napus after long-
term exposure: changes in growth, biochemical compounds, 
antioxidant enzyme activities, and Zn bioaccumulation. 
Water Air Soil Pollut, 226:1-11. https://doi.org/.10.1007/
s11270-015-2628-7

[69] Subbaiah, L. V., T. N. V. K. V. Prasad, T. G. Krishna, P. 
Sudhakar, B. R. Reddy, and T. Pradeep, 2016. Novel effects 
of nanoparticulate delivery of zinc on growth, productivity, 
and zinc biofortification in maize (Zea mays L.). J. Agric. 
Food Chem, 64(19):3778-3788. https://doi.org/.10.1021/
acs.jafc.6b00838. Epub 2016 May 

[70] Mahajan, P., S. Dhoke, and A. Khanna, 2011. Effect 
of nanoZnO particle suspension on growth of mung 
(Vigna radiata) and gram (Cicer arietinum) seedlings 
using plant agar method. J Nanotechnol, https://doi.
org/.10.1155/2011/696535

[71] Zhao, L., Y. Sun, J. A. Hernandez-Viezcas, A. D. Servin, J. 
Hong, G. Niu, J. R. Peralta-Videa, M. Duarte-Gardea, and 
J. L. Gardea-Torresdey, 2013. Influence of CeO2 and ZnO 
nanoparticles on cucumber physiological markers and 
bioaccumulation of Ce and Zn: a life cycle study. J. Agric. 
Food Chem, 61(49):11945-11951. https://doi.org/10.1021/
jf404328e

[72] Lin, D. and B. Xing, 2007. Phytotoxicity of nanoparticles: 
inhibition of seed germination and root growth. Environ. 
Pollut, 150(2):243-250. https://doi.org/10.1016/j.
envpol.2007.01.016

[73] Hussein, M. and N. Abou-Baker, 2018. The contribution of 
nanozinc to alleviate salinity stress on cotton plants. Royal 
Society open science, 5(8):171809. https://doi.org/10.1098/
rsos.171809

[74] Mahdieh, M., M.R. Sangi, F. Bamdad, and A. Ghanem, 
2018. Effect of seed and foliar application of nanozinc oxide, 
zinc chelate, and zinc sulphate rates on yield and growth 
of pinto bean (Phaseolus vulgaris) cultivars. J Plant Nutr, 
41(18):2401-2412. https://doi.org/10.1080/01904167.2018.
1510517

[75] Adhikari, T., D. Sarkar, H. Mashayekhi, and B. Xing, 
2016. Growth and enzymatic activity of maize (Zea mays 
L.) plant: solution culture test for copper dioxide nano 
particles. J Plant Nutr, 39(1):99-115.  https://doi.org/10.10
80/01904167.2015.1044012

[76] Ogunkunle, C. O., M. A. Jimoh, N. T. Asogwa, K. 
Viswanathan, V. Vishwakarma, and P. O. Fatoba, 2018. 
Effects of manufactured nanocopper on copper uptake, 
bioaccumulation and enzyme activities in cowpea grown 
on soil substrate. Ecotoxicology and Environmental Safety, 

155:86-93. https://doi.org/10.1016/j.ecoenv.2018.02.070
[77] Gustafsson, J.P. and C. Tiberg, 2015. Molybdenum binding 

to soil constituents in acid soils: An XAS and modelling 
study. Chem Geol., 417:279-288. https://doi.org/10.1016/j.
chemgeo.2015.10.016

[78] Taran, N. Y., O. M. Gonchar, K. G. Lopatko, L. M. 
Batsmanova, M. V. Patyka, and M. V. Volkogon, 2014. The 
effect of colloidal solution of molybdenum nanoparticles on 
the microbial composition in rhizosphere of Cicer arietinum 
L. Nanoscale Res Lett, 9:1-8. https://doi.org/10.1186/1556-
276X-9-289

[79] Kanneganti, A. and M. Talasila, 2014. MoO3 nanoparticles: 
Synthesis, characterization and its hindering effect on 
germination of Vigna Unguiculata seeds. J. Eng. Res. Appl, 
4(7):116-120

[80] Bradfield, S.J., P. Kumar, J.C. White, and S.D. Ebbs, 2017. 
Zinc, copper, or cerium accumulation from metal oxide 
nanoparticles or ions in sweet potato: yield effects and 
projected dietary intake from consumption. PPB, 110:128-
137. https://doi.org/.10.1016/j.plaphy.2016.04.008. 

[81] Du, W., W. Tan, Y. Yin, R. Ji, J. R. Peralta-Videa, H. Guo, 
and J. L. Gardea-Torresdey, 2018. Differential effects of 
copper nanoparticles/microparticles in agronomic and 
physiological parameters of oregano (Origanum vulgare). 
Sci. Total Environ, 618:306-312. https://doi.org/10.1016/j.
scitotenv.2017.11.042. 

[82] Ochoa, L., I. A. Medina-Velo, A. C. Barrios, N. J. Bonilla-
Bird, J. A. Hernandez-Viezcas, J. R. Peralta-Videa, and 
J. L. Gardea-Torresdey, 2017.  Modulation of CuO 
nanoparticles toxicity to green pea (Pisum sativum 
Fabaceae) by the phytohormone indole-3-acetic acid. Sci. 
Total Environ, 598:513-524. https://doi.org/10.1016/j.
scitotenv.2017.11.042

[83] Singh, D. and A. Kumar, 2016.  Impact of irrigation using 
water containing CuO and ZnO nanoparticles on Spinach 
oleracea grown in soil media. Bull Environ Contam Toxicol, 
97:548-553. https://doi.org/10.1504/IJNT.2017.082438

[84] Anderson, A., J. McLean, P. McManus, and D. Britt, 2017. 
Soil chemistry influences the phytotoxicity of metal oxide 
nanoparticles. Int. J. Nanotechnol, 14(1-6):15-21. https://
doi.org/.10.1504/IJNT.2017.082438

[85] Dimkpa, C. O., P. S. Bindraban, J. Fugice, S. Agyin-
Birikorang, U. Singh, and D. Hellums, 2017. Composite 
micronutrient nanoparticles and salts decrease drought 
stress in soybean. Agron Sustain Dev, 37:1-13. https://doi.
org/.10.1007/s13593-016-0412-8

[86] Pilon-Smits, E. A., C. F. Quinn, W. Tapken, M. Malagoli, 
and M. Schiavon, 2009. Physiological functions of beneficial 
elements. Curr. Opin. Plant Biol., 12(3):267-274. https://
doi.org/10.1016/j.pbi.2009.04.009.

[87] Karunakaran, G., R. Suriyaprabha, P. Manivasakan, R. 
Yuvakkumar, V. Rajendran, P. Prabu, and N. Kannan, 2013. 
Effect of Nanosilica and silicon sources on plant growth 
promoting rhizobacteria, soil nutrients and maize seed 
germination. IET Nanobiotechnol . 7(3):70-77. https://doi.
org/10.1049/iet-nbt.2012.0048

[88] Kalteh, M., Z. T. Alipour, S. Ashraf, M. Marashi 
Aliabadi, and A. Falah Nosratabadi, 2018. Effect of silica 
nanoparticles on basil (Ocimum basilicum) under salinity 
stress. J. Chem. Health Risks, 4(3). https://doi.org/10.22034/
JCHR.2018.544075

https://doi.org/10.3389/fpls.2015.01242
https://doi.org/10.3389/fpls.2015.01242
https://doi.org/.10.1016/j.chemosphere.2015.12.076
https://doi.org/.10.1007/s11270-015-2628-7
https://doi.org/.10.1007/s11270-015-2628-7
https://doi.org/.10.1021/acs.jafc.6b00838
https://doi.org/.10.1021/acs.jafc.6b00838
https://doi.org/.10.1155/2011/696535
https://doi.org/.10.1155/2011/696535
https://doi.org/10.1021/jf404328e
https://doi.org/10.1021/jf404328e
https://doi.org/10.1016/j.envpol.2007.01.016
https://doi.org/10.1016/j.envpol.2007.01.016
https://doi.org/10.1098/rsos.171809
https://doi.org/10.1098/rsos.171809
https://doi.org/10.1080/01904167.2018.1510517
https://doi.org/10.1080/01904167.2018.1510517
https://doi.org/10.1080/01904167.2015.1044012
https://doi.org/10.1080/01904167.2015.1044012
https://doi.org/10.1016/j.ecoenv.2018.02.070
https://doi.org/10.1016/j.chemgeo.2015.10.016
https://doi.org/10.1016/j.chemgeo.2015.10.016
https://doi.org/10.1186/1556-276X-9-289
https://doi.org/10.1186/1556-276X-9-289
https://doi.org/.10.1016/j.plaphy.2016.04.008
https://doi.org/10.1016/j.scitotenv.2017.11.042
https://doi.org/10.1016/j.scitotenv.2017.11.042
https://doi.org/10.1016/j.scitotenv.2017.11.042
https://doi.org/10.1016/j.scitotenv.2017.11.042
https://doi.org/10.1504/IJNT.2017.082438
https://doi.org/.10.1504/IJNT.2017.082438
https://doi.org/.10.1504/IJNT.2017.082438
https://doi.org/.10.1007/s13593-016-0412-8
https://doi.org/.10.1007/s13593-016-0412-8
https://doi.org/10.1016/j.pbi.2009.04.009
https://doi.org/10.1016/j.pbi.2009.04.009
https://doi.org/10.1049/iet-nbt.2012.0048
https://doi.org/10.1049/iet-nbt.2012.0048
https://doi.org/10.22034/JCHR.2018.544075
https://doi.org/10.22034/JCHR.2018.544075


T. R. Ardali et al. / Opportunities and Future Perspective of Nanofertilizers and Controlled Release ...

J. Water Environ. Nanotechnol., 9(2): 223-247 Spring 2024 243

[89] Najafi Disfani, M., A. Mikhak, M.Z. Kassaee, and A. 
Maghari, 2017. Effects of nano Fe/SiO2 fertilizers on 
germination and growth of barley and maize. Arch. Acker 
Pflanzenbau Bodenkd., 63(6):817-826. https://doi.org/10.1
080/03650340.2016.1239016

[90] Artyszak, A., 2018. Effect of silicon fertilization on crop 
yield quantity and quality—A literature review in Europe. 
Plants, 7(3):54. https://doi.org/10.3390/plants7030054.

[91] Pei, Z., D. Ming, D. Liu, G. Wan, X. Geng, H. Gong, and W. 
Zhou, 2010. Silicon improves the tolerance to water-deficit 
stress induced by polyethylene glycol in wheat (Triticum 
aestivum L.) seedlings. J. Plant Growth Regul, 29:106-115. 
https://doi.org/.10.1007/s00344-009-9120-9

[92] Suriyaprabha, R., G. Karunakaran, R. Yuvakkumar, P. 
Prabu, V. Rajendran, and N. Kannan, 2012. Growth and 
physiological responses of maize (Zea mays L.) to porous 
silica nanoparticles in soil. Journal of Nanoparticle 
Research, 14:1-14. https://doi.org/10.1007/s11051-012-
1294-6

[93] Richmond, K.E. and M. Sussman, 2003.  Got silicon? 
The non-essential beneficial plant nutrient. Curr. Opin. 
Plant Biol, 6(3):268-272. https://doi.org/10.1016/s1369-
5266(03)00041-4.

[94] Haynes, R.J., 2017. The nature of biogenic Si and its potential 
role in Si supply in agricultural soils. Agric Ecosyst Environ, 
245:100-111. https://doi.org/.10.1016/j.agee.2017.04.021

[95] Song, A., P. Li, F. Fan, Z. Li, and Y. Liang, 2014. The effect 
of silicon on photosynthesis and expression of its relevant 
genes in rice (Oryza sativa L.) under high-zinc stress. 
PLoS One, 9(11):e113782. https://doi.org/10.1371/journal.
pone.0113782

[96] Suciaty, T., D. Purnomo, and A. Sakya, 2018. The effect 
of Nanosilica fertilizer concentration and rice hull ash 
doses on soybean (Glycine max (L.) Merrill) growth and 
yield. in IOP conference series: earth and environmental 
science. IOP Publishing. https://doi.org/10.1088/1755-
1315/129/1/012009.

[97] Janmohammadi, M., T. Amanzadeh, N. Sabaghnia, and 
V. Ion, 2016. Effect of nanosilicon foliar application on 
safflower growth under organic and inorganic fertilizer 
regimes. Botanica Lithuanica, 22(1):53-64 https://doi.
org/10.1515/botlit-2016-0005.

[98] Dung, P. D., N. N. Duy, N. N. Thuy, L. T. M. Truc, B. Van 
Le, D. Van Phu, and N. Q. Hien, 2016. Effect of Nanosilica 
from rice husk on the growth enhancement of chili plant 
(Capsicum frutescens L.). Vietnam Journal of Science and 
Technology, 54(5):607. https://doi.org/10.15625/0866-
708X/54/5/7034

[99] Wijaya, K.A., 2016. Effects of si-fertilizer application 
through the leaves on yield and sugar content of sugarcane 
grown in soil containing abundant N. Agriculture and 
Agricultural Science Procedia, 9:158-162. https://doi.
org/10.1016/j.aaspro.2016.02.111

[100] Fallah, A., 2012. Silicon effect on lodging parameters 
of rice plants under hydroponic culture. Int. J. Agric. Sci, 
2(7):630-634. https://doi.org/10.1016/j.aaspro.2016.02.111.

[101] Wang, S., F. Wang, and S. Gao, 2015. Foliar application 
with nanosilicon alleviates Cd toxicity in rice seedlings. 
Environmental Science and Pollution Research, 22:2837-
2845. https://doi.org/10.1007/s11356-014-3525-0.

[102] Wanyika, H., E. Gatebe, P. Kioni, Z. Tang, and Y. Gao, 

2012. Mesoporous silica nanoparticles carrier for urea: 
potential applications in agrochemical delivery systems. 
Journal of Nanoscience and Nanotechnology, 12(3):2221-
2228. https://doi.org/10.1166/jnn.2012.5801.

[103] Fordyce, F.M., 2013. Selenium deficiency and toxicity in 
the environment, Springer. https://doi.org/10.1007/978-94-
007-4375-5_16

[104] Mao, J., V. J. Pop, S. C. Bath, H. L. Vader, C. W. Redman, 
and M. P. Rayman, 2016. Effect of low-dose selenium 
on thyroid autoimmunity and thyroid function in UK 
pregnant women with mild-to-moderate iodine deficiency. 
Eur. J. Nutr, 55:55-61. https://doi.org/10.1007/s00394-014-
0822-9. Epub . Dec 19.

[105] Wang, Q., Y. Yu, J. Li, Y. Wan, Q. Huang, Y. Guo, and H. 
Li, 2017.  Effects of different forms of selenium fertilizers 
on Se accumulation, distribution, and residual effect in 
winter wheat–summer maize rotation system. Journal of 
Agricultural and Food Chemistry, 65(6):1116-1123. https://
doi.org/.10.1021/acs.jafc.6b05149. Epub 2017 Feb 2.

[106] Lateef, A., R. Nazir, N. Jamil, S. Alam, R. Shah, 
M. N. Khan, and M. Saleem, 2016. Synthesis and 
characterization of zeolite based nano–composite: An 
environment friendly slow release fertilizer. Microporous 
Mesoporous Mater, 232:174-183. https://doi.org/10.1016/j.
micromeso.2016.06.020

[107] Zhou, T., Y. Wang, S. Huang, and Y. Zhao, 2018. Synthesis 
composite hydrogels from inorganic-organic hybrids based 
on leftover rice for environment-friendly controlled-release 
urea fertilizers. Sci. Total Environ, 615:422-430. https://doi.
org/10.1016/j.scitotenv.2017.09.084. Epub . Oct 4.

[108] Linquist, B.A., L. Liu, C. van Kessel, and K.J. van 
Groenigen, 2013. Enhanced efficiency nitrogen fertilizers 
for rice systems: Meta-analysis of yield and nitrogen uptake. 
Field Crops Res, 154:246-254. https://doi.org/.10.1016/j.
fcr.2013.08.014.

[109] Monreal, C., M. DeRosa, S. Mallubhotla, P. Bindraban, 
and C. Dimkpa, 2015. The application of nanotechnology 
for micronutrients in soil-plant systems. VFRC report, 3:44. 
https://doi.org/.10.3927/ajn.2018.5.25.

[110] Wijesinghe, W. and A. Weerasinghe, 2015. Development 
of Nanofertilizers as slow release fertilizers. Sciscitator, 
2:28-29

[111] Kalia, A., S.P. Sharma, H. Kaur, and H. Kaur, 2020. 
Novel nanocomposite-based controlled-release fertilizer 
and pesticide formulations: Prospects and challenges. 
Multifunctional hybrid nanomaterials for sustainable agri-
food and ecosystems:99-134. https://doi.org/10.1016/B978-
0-12-821354-4.00005-4

[112] Chen, J. and X. Wei, 2018. Controlled-release fertilizers as a 
means to reduce nitrogen leaching and runoff in container-
grown plant production. Nitrogen in Agriculture-Updates; 
Khan, A., Fahad, S., Eds:33-52. https://doi.org/10.5772/
intechopen.73055

[113] Nido, P.J., V. Migo, M.C. Maguyon-Detras, and C. Alfafara, 
2019. Process optimization potassium Nanofertilizer 
production via ionotropic pre-gelation using alginate-
chitosan carrier. in MATEC web of conferences. EDP 
sciences. https://doi.org/10.1051/matecconf/201926805001

[114] Mikkelsen, R., 2018. Nanofertilizer and nanotechnology: a 
quick look. Better Crops Plant Food, 102(3):18-19. https://
doi.org/10.24047/BC102318

https://doi.org/10.1080/03650340.2016.1239016
https://doi.org/10.1080/03650340.2016.1239016
https://doi.org/10.3390/plants7030054
https://doi.org/.10.1007/s00344-009-9120-9
https://doi.org/10.1007/s11051-012-1294-6
https://doi.org/10.1007/s11051-012-1294-6
https://doi.org/10.1016/s1369-5266(03)00041-4
https://doi.org/10.1016/s1369-5266(03)00041-4
https://doi.org/.10.1016/j.agee.2017.04.021
https://doi.org/10.1371/journal.pone.0113782
https://doi.org/10.1371/journal.pone.0113782
https://doi.org/10.1088/1755-1315/129/1/012009
https://doi.org/10.1088/1755-1315/129/1/012009
https://doi.org/10.1515/botlit-2016-0005
https://doi.org/10.1515/botlit-2016-0005
https://doi.org/10.15625/0866-708X/54/5/7034
https://doi.org/10.15625/0866-708X/54/5/7034
https://doi.org/10.1016/j.aaspro.2016.02.111
https://doi.org/10.1016/j.aaspro.2016.02.111
https://doi.org/10.1016/j.aaspro.2016.02.111
https://doi.org/10.1007/s11356-014-3525-0
https://doi.org/10.1166/jnn.2012.5801
https://doi.org/10.1007/978-94-007-4375-5_16
https://doi.org/10.1007/978-94-007-4375-5_16
https://doi.org/10.1007/s00394-014-0822-9
https://doi.org/10.1007/s00394-014-0822-9
https://doi.org/.10.1021/acs.jafc.6b05149
https://doi.org/.10.1021/acs.jafc.6b05149
https://doi.org/10.1016/j.micromeso.2016.06.020
https://doi.org/10.1016/j.micromeso.2016.06.020
https://doi.org/10.1016/j.scitotenv.2017.09.084
https://doi.org/10.1016/j.scitotenv.2017.09.084
https://doi.org/.10.1016/j.fcr.2013.08.014
https://doi.org/.10.1016/j.fcr.2013.08.014
https://doi.org/.10.3927/ajn.2018.5.25
https://doi.org/10.1016/B978-0-12-821354-4.00005-4
https://doi.org/10.1016/B978-0-12-821354-4.00005-4
https://doi.org/10.5772/intechopen.73055
https://doi.org/10.5772/intechopen.73055
https://doi.org/10.1051/matecconf/201926805001
https://doi.org/10.24047/BC102318
https://doi.org/10.24047/BC102318


244

T. R. Ardali et al. / Opportunities and Future Perspective of Nanofertilizers and Controlled Release ...

J. Water Environ. Nanotechnol., 9(2): 223-247 Spring 2024

[115] Chen, S., M. Yang, C. Ba, S. Yu, Y. Jiang, H. Zou, and Y. 
Zhang, 2018. Preparation and characterization of slow-
release fertilizer encapsulated by biochar-based waterborne 
copolymers. Sci. Total Environ, 615:431-437. https://doi.
org/10.1016/j.scitotenv.09.209.Epub 2017 Oct 5.

[116] ME Trenkel, T., 2021. Slow-and Controlled-Release and 
Stabilized Fertilizers: An Option for Enhancing Nutrient 
Use Effiiency in Agriculture, 2021: International Fertilizer 
Industry Association (IFA)

[117] Naz, M.Y. and S.A. Sulaiman, 2016. Slow release coating 
remedy for nitrogen loss from conventional urea: a review. 
J Control Release, 225:109-120. https://doi.org/10.1016/j.
jconrel.2016.01.037.

[118] Andelkovic, I. B., S. Kabiri, E. Tavakkoli, J. K. Kirby, M. J. 
McLaughlin, and D. Losic, 2018. Graphene oxide-Fe (III) 
composite containing phosphate–A novel slow release 
fertilizer for improved agriculture management. J Clean 
Prod, 185:97-104. https://doi.org/10.1080/01904167.2015.
1044012.

[119] LIU, X.-m., Z.-b. FENG, F.-d. ZHANG, S.-q. ZHANG, 
and X.-s. HE, 2006. Preparation and testing of cementing 
and coating nanosubnanocomposites of slow/controlled-
release fertilizer. Agric Sci China, 5(9):700-706. https://doi.
org/.10.1016/S1671-2927(06)60113-2

[120] Naderi, M. and A. Danesh-Shahraki, 2013. Nanofertilizers 
and their roles in sustainable agriculture. Int. j. agric. crop 
sci, 5(19):2229-2232

[121] Azeem, B., K. KuShaari, Z. B. Man, A. Basit, and T. H. 
Thanh, 2014.  Review on materials & methods to produce 
controlled release coated urea fertilizer. J Control Release., 
181:11-21. https://doi.org/10.1016/j.jconrel.2014.02.020.

[122] Zhang, S., N. Gao, T. Shen, Y. Yang, B. Gao, Y. C. Li, and 
Y. Wan, 2019. One-step synthesis of superhydrophobic and 
multifunctional nano copper-modified bio-polyurethane 
for controlled-release fertilizers with “multilayer air shields”: 
new insight of improvement mechanism. J. Mater. Chem, 
7(16):9503-9509. https://doi.org/10.1039/C9TA00632J

[123] Tarafdar, J., Y. Xiong, W.-N. Wang, D. Quinl, and P. Biswas, 
2012. Standardization of size, shape and concentration 
of nanoparticle for plant application. Appl. Biol. Res, 
14(2):138-144.

[124] Rodríguez, J., M.J. Martín, M.A. Ruiz, and B. Clares, 2016.  
Current encapsulation strategies for bioactive oils: From 
alimentary to pharmaceutical perspectives. Food Res. Int, 
83:41-59. https://doi.org/10.1016/j.foodres.2016.01.032

[125] Rai, V., S. Acharya, and N. Dey, 2012. Implications of 
nanobiosensors in agriculture. http://dx.doi.org/10.4236/
jbnb.2012.322039 

[126] Tomaszewska, M. and A. Jarosiewicz, 2006. Encapsulation 
of mineral fertilizer by polysulfone using a spraying method. 
Desalination, 198(1-3):346-352. https://doi.org/.10.1016/j.
desal.2006.01.032

[127] Tapan, A., A. Biswas, and S. Kundu, 2010. Nanofertiliser-a 
new dimension in agriculture. Indian J. Fert, 6(8):22-24

[128] Hossain, K.-Z., C.M. Monreal, and A. Sayari, 2008. 
Adsorption of urease on PE-MCM-41 and its catalytic effect 
on hydrolysis of urea. Colloids Surf. B, 62(1):42-50. https://
doi.org/.10.1016/j.colsurfb.2007.09.016.

[129] Huo, C., J. Ouyang, and H. Yang, 2014. CuO nanoparticles 
encapsulated inside Al-MCM-41 mesoporous materials 
via direct synthetic route. Sci. Rep, 4(1):1-9. https://doi.

org/10.1038/srep03682.
[130] Yuvaraj, M. and K. Subramanian, 2015. Controlled-release 

fertilizer of zinc encapsulated by a manganese hollow core 
shell. J. Soil Sci. Plant, 61(2):319-326. https://doi.org/10.108
0/00380768.2014.979327

[131] Kumar, R., M. Ashfaq, and N. Verma, 2018. Synthesis 
of novel PVA–starch formulation-supported Cu–Zn 
nanoparticle carrying carbon nanofibers as a Nanofertilizer: 
controlled release of micronutrients. Journal of Materials 
Science, 53(10):7150-7164. https://doi.org/10.1007/s10853-
018-2107-9

[132] Olad, A., H. Zebhi, D. Salari, A. Mirmohseni, and A. R. 
Tabar, 2018. Slow-release NPK fertilizer encapsulated by 
carboxymethyl cellulose-based nanocomposite with the 
function of water retention in soil. Mater. Sci. Eng, 90:333-
340. https://doi.org/10.1016/j.msec.2018.04.083.

[133] Li, Y., Y. Sun, S. Liao, G. Zou, T. Zhao, Y. Chen, J. Yang, 
and L. Zhang, 2017.  Effects of two slow-release nitrogen 
fertilizers and irrigation on yield, quality, and water-
fertilizer productivity of greenhouse tomato. Agric. 
Water Manag, 186:139-146. https://doi.org/.10.1016/j.
agwat.2017.02.006

[134] Kottegoda, N., C. Sandaruwan, G. Priyadarshana, 
A. Siriwardhana, U. A. Rathnayake, D. M. Berugoda 
Arachchige, A. R. Kumarasinghe, D. Dahanayake, 
V. Karunaratne, and G. A. Amaratunga, 2017. Urea-
hydroxyapatite nanohybrids for slow release of nitrogen. 
ACS Nano, 11(2):1214-1221. https://doi.org/10.1021/
acsnano.6b07781

[135] Chen, J., S. Lü, Z. Zhang, X. Zhao, X. Li, P. Ning, and M. 
Liu, 2018.  Environmentally friendly fertilizers: A review 
of materials used and their effects on the environment. 
Sci. Total Environ, 613:829-839. https://doi.org/10.1016/j.
scitotenv.2017.09.186

[136] Araújo, B.R., L.P. Romao, M.E. Doumer, and A.S. 
Mangrich, 2017. Evaluation of the interactions between 
chitosan and humics in media for the controlled release of 
nitrogen fertilizer. J. Environ. Manage, 190:122-131. https://
doi.org/.10.1016/j.jenvman. 12.059.Epub 2016 Dec 29.

[137] Bortolin, A., F.A. Aouada, L.H. Mattoso, and C. 
Ribeiro, 2013. Nanocomposite PAAm/methyl cellulose/
montmorillonite hydrogel: evidence of synergistic effects 
for the slow release of fertilizers. J. Agric. Food Chem, 
61(31):7431-7439. https://doi.org/10.1021/jf401273n

[138] Essawy, H.A., M.B. Ghazy, F. Abd El-Hai, and M.F. 
Mohamed, 2016. Superabsorbent hydrogels via graft 
polymerization of acrylic acid from chitosan-cellulose 
hybrid and their potential in controlled release of 
soil nutrients. International journal of biological 
macromolecules, 89:144-151. https://doi.org/10.1016/j.
ijbiomac.2016.04.071

[139] Kottegoda, N., I. Munaweera, N. Madusanka, and 
V. Karunaratne, 2011. A green slow-release fertilizer 
composition based on urea-modified hydroxyapatite 
nanoparticles encapsulated wood. Current science:73-78. 
https://doi.org/10.1016/j.ijbiomac.2016.04.071. Epub 2016 
Apr 25.

[140] Corradini, E., M. De Moura, and L. Mattoso, 2010. A 
preliminary study of the incorparation of NPK fertilizer 
into chitosan nanoparticles. Express polymer letters, 4(8). 
https://doi.org/10.3144/expresspolymlett.2010.64

https://doi.org/10.1016/j.scitotenv.09.209.Epub%202017%20Oct%205
https://doi.org/10.1016/j.scitotenv.09.209.Epub%202017%20Oct%205
https://doi.org/10.1016/j.jconrel.2016.01.037
https://doi.org/10.1016/j.jconrel.2016.01.037
https://doi.org/10.1080/01904167.2015.1044012
https://doi.org/10.1080/01904167.2015.1044012
https://doi.org/.10.1016/S1671-2927(06)60113-2
https://doi.org/.10.1016/S1671-2927(06)60113-2
https://doi.org/10.1016/j.jconrel.2014.02.020
https://doi.org/10.1039/C9TA00632J
https://doi.org/10.1016/j.foodres.2016.01.032
http://dx.doi.org/10.4236/jbnb.2012.322039
http://dx.doi.org/10.4236/jbnb.2012.322039
https://doi.org/.10.1016/j.desal.2006.01.032
https://doi.org/.10.1016/j.desal.2006.01.032
https://doi.org/.10.1016/j.colsurfb.2007.09.016
https://doi.org/.10.1016/j.colsurfb.2007.09.016
https://doi.org/10.1038/srep03682
https://doi.org/10.1038/srep03682
https://doi.org/10.1080/00380768.2014.979327
https://doi.org/10.1080/00380768.2014.979327
https://doi.org/10.1007/s10853-018-2107-9
https://doi.org/10.1007/s10853-018-2107-9
https://doi.org/10.1016/j.msec.2018.04.083
https://doi.org/.10.1016/j.agwat.2017.02.006
https://doi.org/.10.1016/j.agwat.2017.02.006
https://doi.org/10.1021/acsnano.6b07781
https://doi.org/10.1021/acsnano.6b07781
https://doi.org/10.1016/j.scitotenv.2017.09.186
https://doi.org/10.1016/j.scitotenv.2017.09.186
https://doi.org/.10.1016/j.jenvman.%2012.059.Epub
https://doi.org/.10.1016/j.jenvman.%2012.059.Epub
https://doi.org/10.1021/jf401273n
https://doi.org/10.1016/j.ijbiomac.2016.04.071
https://doi.org/10.1016/j.ijbiomac.2016.04.071
https://doi.org/10.1016/j.ijbiomac.2016.04.071
https://doi.org/10.3144/expresspolymlett.2010.64


T. R. Ardali et al. / Opportunities and Future Perspective of Nanofertilizers and Controlled Release ...

J. Water Environ. Nanotechnol., 9(2): 223-247 Spring 2024 245

[141] Abdel-Aziz, H.M., M.N. Hasaneen, and A.M. Omer, 2016. 
Nano chitosan-NPK fertilizer enhances the growth and 
productivity of wheat plants grown in sandy soil. Spanish 
Journal of Agricultural Research, 14(1):e0902-e0902. http://
dx.doi.org/10.5424/sjar/2016141-8205.

[142] Rinaudo, M., 2006. Chitin and chitosan: Properties and 
applications. Prog. Polym. Sci, 31(7):603-632. https://doi.
org/10.1016/j.progpolymsci.2006.06.001

[143] Pereira, L. and J. Cotas, 2020. Introductory chapter: 
Alginates-A general overview. Alginates-recent uses of this 
natural polymer. https://doi.org/10.5772/intechopen.88381

[144] Mandal, B. and S.K. Ray, 2013. Synthesis of 
interpenetrating network hydrogel from poly (acrylic 
acid-co-hydroxyethyl methacrylate) and sodium alginate: 
Modeling and kinetics study for removal of synthetic dyes 
from water. Carbohydr Polym, 98(1):257-269. https://doi.
org/.10.1016/j.carbpol.2013.05.093

[145] Wang, Y., M. Liu, B. Ni, and L. Xie, 2012. κ-Carrageenan–
sodium alginate beads and superabsorbent coated 
nitrogen fertilizer with slow-release, water-retention, 
and anticompaction properties. Ind. Eng. Chem. Res, 
51(3):1413-1422. https://doi.org/10.1021/ie2020526

[146] Abreu, A. S., M. Oliveira, A. de Sá, R. M. Rodrigues, 
M. A. Cerqueira, A. A. Vicente, and A. Machado, 2015. 
Antimicrobial nanostructured starch based films for 
packaging. Carbohydr Polym, 129:127-134.10.1016/j.
carbpol.2015 .04.021. Epub 2015 Apr 22. https://doi.
org/10.1016/j.carbpol.2015.04.021. Epub 2015 Apr 22.

[147] Bramwell, V.W., J.E. Eyles, and H.O. Alpar, 2005. 
Particulate delivery systems for biodefense subunit 
vaccines. Adv. Drug Deliv. Rev, 57(9):1247-1265. https://
doi.org/10.1016/j.addr.2005.01.010.

[148] Tarvainen, M., S. Peltonen, H. Mikkonen, M. Elovaara, 
M. Tuunainen, P. Paronen, J. Ketolainen, and R. Sutinen, 
2004. Aqueous starch acetate dispersion as a novel 
coating material for controlled release products. J Control 
Release, 96(1):179-191. https://doi.org/.10.1016/j.
jconrel.2004.01.016.

[149] Klemm, D., B. Heublein, H.P. Fink, and A. Bohn, 2005. 
Cellulose: fascinating biopolymer and sustainable raw 
material. Angew Chem, 44(22):3358-3393. https://doi.
org/.10.1002/anie.200460587.

[150] Mulder, W., R. Gosselink, M. Vingerhoeds, P. Harmsen, 
and D. Eastham, 2011. Lignin based controlled release 
coatings. Industrial Crops and Products, 34(1):915-920. 
https://doi.org/10.1016/j.indcrop.2011.02.011

[151] Chowdhury, M.A., 2014. The controlled release of 
bioactive compounds from lignin and lignin-based 
biopolymer matrices. Int. J. Biol. Macromol, 65:136-147. 
https://doi.org/10.1016/j.ijbiomac.2014.01.012.

[152] Detroit, W.J., 1988. Controlled release formulation for 
fertilizers, Google Patents
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