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ABSTRACT: Controlled release fertilizers (CRFs) are a branch of materials that are designed to improve the soil release
kinetics of chemical fertilizers to address problems stemming losses from runoff or other factors. Current CRFs are used but only
in a limited market due to relatively high costs and doubts about their abilities to result in higher yields and increased profitability
for agricultural businesses. New technologies are emerging that promise to improve the efficacy of CRFs to add additional
functionality and reduce cost to make CRFs a more viable alternative to traditional chemical fertilizer treatment. CRFs that offer
ways of reducing air and water pollution from fertilizer treatments, improving the ability of plants to access required nutrients,
improving water retention to increase drought resistance, and reducing the amount of fertilizer needed to provide maximum crop
yields are under development. A wide variety of different strategies are being considered to tackle this problem, and each
approach offers different advantages and drawbacks. Agricultural industries will soon be forced to move toward more efficient
and sustainable practices to respond to increasing fertilizer cost and desire for sustainable growing practices. CRFs have the
potential to solve many problems in agriculture and help enable this shift while maintaining profitability.
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■ INTRODUCTION
Potential for Controlled Release Fertilizers (CRFs) in

Improving Agricultural Efficiency. Industrial agriculture
around the world has been increasing at a rapid pace to keep up
with the growing population. As a result, global application of
chemical fertilizer, specifically nitrogen, phosphorus, and
potassium (N, P, and K), increased dramatically in the last
half of the 20th century1 and is forecast to rise significantly
around the world at a rate of 2.5 million metric tonnes per
year.2 Demands for fertilizers are increasing as both the
fertilizer use per hectare of many staple crops such as corn,
palm kernel, and sugar beet increases along with crop area used
for growing. Increasing fertilizer use is driven largely by China,
the United States, and India. China possesses an agriculture
industry characterized by intensive use of fertilizer as well as
large crop areas. India is a more modest user of fertilizer per
hectare, but very large crop areas result in it being a large
consumer of fertilizer regardless. By 2030 fertilizer applications
in these regions are expected to increase by 54.6% in Asia and
49.9% in North and Central America with less extreme but
significant increases in other regions.2

Nitrogen application in particular rose by 15 times over the
40 year period before 1990.1 Whereas fertilizer application
increased, the amount of nutrients recovered by crops has not
kept the same pace, only tripling over the same period as N
increased by 15 times,1,3 signifying that much of the nutrients
from fertilizers are not utilized by plants and are lost to the
environment.3 Current fertilizer use models predict that use will
continue a significant sustained rise over the next 10 years of
18.1%.2

Fertilizer costs are already rising significantly and will
continue to rise in the future. These increases in price are
caused by factors such as the increasing cost of fossil fuel energy

used to mine and transport mineral fertilizers and the depletion
of natural stocks of fertilizers, especially phosphorus, as well as
increased demand for fertilizers from an increasing biofuel
market.4 The food crisis in 2008 had its roots in a 5−7-fold
increase in P cost at the time.4 Phosphorus is the most pressing
of the three major nutrients because it is a nonrenewable
resource that has no alternative source other than mining
except for recycling.4 It is expected that peak phosphorus
production will be hit around 2030 at the current rate of P
usage.5 Use of controlled release fertilizers allows the release of
nutrients to be better matched with the life cycle of the plant3,6

to increase the efficiency of nutrient uptake by plants.
Furthermore, the nutrient demands of the plant can be met
more closely by designing an appropriate controlled release
system to increase efficiency and reduce the risk of overdosing
the plant.6 Controlled release fertilizers also prevent fertilizers
from being leached from the soil and decrease costs for
agriculture by reducing the amount of fertilizer needed and the
labor and fuel costs associated with repeated applications of
fertilizers.3,7,8 There is also evidence that different nutrients and
micronutrients can influence the ability of plants to utilize other
nutrients effectively.3,9−11 Development of a system to
administer these synergistic nutrients would allow plants to
more efficiently utilize the fertilizers applied, resulting in less
waste and cost.
CRFs are able to address problems such as fertilizers lost due

to runoff, chemical reaction, leaching, or other issues that
reduce the amount of fertilizers available for plant growth and
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increase the amount of pollution resulting from agricultural
activity. CRFs incorporate a physical barrier to immobilize
fertilizers in the soil and protect them from degradation from
microorganisms such as algae. Immobilization of the fertilizers
prevents solubilization of the mineral fertilizers, which can lead
to runoff and groundwater leaching depending on weather
conditions. CRFs also offer potential in tuning nutrient
application to the growth requirements of different crops
according to growth timeline and nutrient requirements, which
has the potential to improve plant yield while requiring less
fertilizer application.
Environmental Benefits from the Use of CRFs. In

addition to benefitting agriculture in terms of increased
efficiency and reduced cost of fertilizer use, CRFs offer many
ecological benefits as well. The sustainability of agriculture and
the pollution caused by it are of great concern to the public.
Studies have been commissioned to look at the environmental
impacts and potential solutions to problems such as ground-
water leaching12 and sustainable growing practices.13 Conven-
tional fertilizers can be lost through a variety of means, mostly
by leaching, volatilization, breakdown by microorganisms, and
chemical processes such as hydrolysis or precipitation.3,7 The
products of these various processes often have adverse effects
on the environment. Leaching and runoff of fertilizers can lead
to algal blooms and contamination of groundwater,3,14 whereas
volatilization and metabolism by microorganisms can release
products such as nitrous oxide in large volumes.7 Nitrous oxide
release into the environment causes destruction of atmospheric
ozone and, when transformed into nitrogen dioxide and nitric
acid, contributes to acid rain and acidification of the
environment.7 Eliminating nutrient loss is especially important
for phosphorus as this element has no renewable sources, and
new phosphorus must be mined from ore.
Excessive nitrogen concentration as a result of fertilizer

application is of concern to farmers due to not only the risk of
crop destruction but also potential health problems in humans
and livestock due to excessive levels of these compounds being
present in the plants consumed.3 Traditional salt-based
fertilizers also have adverse effects on the soil to which they
are applied. Repeated applications of chemical fertilizers can
alter the soil composition, increasing the salinity and
concentration of heavy metals, and can also result in increased
leaching of other nutrients and minerals that are critical for
plant growth.3 Large concentrations of fertilizer in soil can also
cause the formation of algal crusts in the soil, which disrupt the
aeration of soil and reduce water penetration into the soil.3

There are many strategies being considered for improving
the efficiency of fertilizer use to combat both the increasing
demand for fertilizer and looming problems of supply shortfalls
such as peak phosphorus. Losses of nutrients can be reduced by
maintaining lower levels of nutrients in the soil so that less is
leached into groundwater or lost through chemical and
biological processes; however, reducing the nutrient content
of the soil will lead to lower crop yield. Strategies for optimizing
land use in conjunction with lower nutrient level soils would
allow crop yields to be maintained while increasing the
efficiency of fertilizer usage.15 Example of this type of
management strategy are the current agricultural strategies in
India, which use more land but relatively less fertilizer than
other regions such as China and the United States. This
strategy has the obvious drawback of increasing land use for
agriculture; alternatively, nutrient losses can be reduced by
implementing measures to reduce the erosion of the soil such

as shallower tilling of the soil, mulching of unused plant matter
into the soil, and planting grasses or trees around crop fields to
stabilize soil and reduce the amount of nutrients lost to erosion
from wind and precipitation.15 Improving the efficiency of
nutrient usage by crops can also be achieved by optimizing the
relative amounts of nutrients in the soil. Optimizing fertilizer
applications for plant growth is another viable strategy for
increasing fertilizer use efficiency. For nutrients to be properly
utilized by crops, the plants must be able to access the nutrients
in the soil, and different crops require different ratios of
nutrients. For example, crops with shallow root systems grown
in rows will be able to access only nutrients such as phosphorus
present at shallow soil depths in limited areas of the field.15

Altering the nutrient use characteristics of crops is also being
looked at as a strategy for reducing nutrient losses and
agricultural pollution through the engineering of crops that are
better able to extract and utilize nutrients in the soil16 or by
using symbiotic organisms such asarbuscular mycorrhizal fungi,
which retain nutrients at soil depths accessible to crops.15 New
technologies that utilize gene insertion to allow crops to ward
off pests to reduce losses and advanced tracking of soil quality
using GPS and computer-aided modeling also have potential to
increase agricultural efficiency.17 By addressing many of the
root causes of nutrient loss, controlled release fertilizers have
shown potential for reducing or eliminating the environmental
issues associated with application of fertilizers to agricultural
fields. Controlled release fertilizers are able to reduce losses
through regulation of fertilizer release in areas of the soil and on
a timeline most accessible to the plant and by stabilizing the N,
P, and K compounds, preventing degradation or physical
removal from the soil.3,6,7

■ MOLECULES AND NUTRIENTS OF INTEREST FOR
SUSTAINED RELEASE

Major nutrients for plant growth are the largest components of
any commercial fertilizer: N, P, and K.3,6,7,12 These nutrients
are most commonly applied in salt forms, which are vulnerable
to losses through a variety of processes such as degradation,
leaching, runoff, volatilization, absorption, or soil immobiliza-
tion.18 The prevention of these losses is a major driving force
behind the development of sustained and CRFs.7,12,18

Techniques that are used for sustained or controlled release
include polymer-coated pellets, the most common method and
commercially available, and others such as polymer films,18

using insoluble forms of N−P−K19 or hydrogel matrices.20,21

Polymer coating of large fertilizer granules is the most common
controlled release mechanism and relies on the biodegradation
of the polymer coating to release fertilizers over a sustained
period. Coating the fertilizers with a polymer serves to help
immobilize the fertilizer pellets and hence make them resistant
to runoff and leaching;22 various degrees of leaching resistance
have been observed depending on the type of controlled release
fertilizer used. In one experiment, it was observed that
polyolefin-coated urea resulted in improved immobilization of
nitrogen, whereas other CRFs including isobutyridene diurea,
oxamide, and an organic nitrogen source (rapeseed meal) did
not effectively immobilize the nitrogen, resulting in only small
reductions in nitrogen leaching.22 The encapsulation also serves
to lower the exposure of fertilizers to environmental
degradation from microorganisms or chemical reactions and
also lengthens the amount of time plants have to absorb the
fertilizer.23 In one study, use of a polymer-coated urea
substantially increased nitrogen use efficiency of onion
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crops.24 However, these types of CRF are vulnerable to changes
in the soil type, moisture content, and other factors that can
affect the release rate.25 These complications can lead to
fertilizer release not being synchronized with plant demand and
may create situations in which the plants are starved of
nutrients or unable to use the fertilizer released. These reasons
may be why the use of current CRFs takes up a relatively low
market share of total fertilizer use.3

Avoiding Nutrient Burn. Nutrient burn is a term used by
those in agriculture to describe overdose of plants of major
nutrients.18 Excessive levels of fertilizers in a field can cause
plants to sicken or die because of this effect. In addition,
nutrient demand is specific to each crop and strain,3

necessitating that farmers adjust the amount of fertilizer
applied depending on the crop. The distribution of nutrients
in a field is dictated by a variety of mechanisms, not just how
the fertilizers are applied by the farmer. Soil conditions,
leaching, rainfall, and other factors may cause large local
concentrations of fertilizers, which can harm plants and reduce
the efficiency of fertilizer absorption. An experiment using a
large sealed tank sandy sediment showed significantly
heterogeneous distribution of nitrogen fertilizer applied in
aqueous solution both before and after simulated rainfall.26 Use
of CRFs prevents nutrient overdose by extending the period
over which fertilizer is released into the soil.18 This prevents
overdose of the plant from occurring as the amount of fertilizer
released from the system is closer to the demand of the crop
plants.3 CRFs also anchor the fertilizers in position, which helps
prevent local concentrations of fertilizer from occurring due to
migration of the fertilizer after application.3

Prevention of Salt Buildup. Depending on the soil type
and composition, the application of chemical fertilizers and
irrigation water can cause increased salinity of the soil.27

Increased salinity of the soil can cause adverse effects for crop
health, growth, and yield and is a major problem in many
areas.28 Chemical fertilizers can contain traces of ions from the
rock they are initially mined from; phosphate fertilizer can
contain traces of thorium, uranium, aluminum, iron, and other
ions,29 which can negatively affect plant growth. This is of
particular concern in Third World countries or in areas that
must support their agriculture with large amounts of water due
to a dry climate.27 One alternative to chemical fertilizers that
has less risk of increasing salt buildup is using natural fertilizers
such as either fresh or composted manure.30 There are some
concerns over using natural fertilizers due to both supply issues
and health risks, which may be part of the reason that chemical
fertilizers still make up the overwhelming bulk of those used in
agriculture today. To help prevent the degradation of soil,
CRFs can be used to reduce the amount of chemical fertilizer
that is applied to the soil and also make the fertilizer more
accessible to plants to keep it from remaining in the soil
afterward.3,6,7,18

Micronutrients. Plants rely on a number of micronutrients
to optimize growth and yield. These micronutrients are not
present in all soils in sufficient amounts. Common micro-
nutrients that are critical for plant growth include calcium,
magnesium, iron, manganese, and zinc, among others.31,32

Micronutrients are critical for plant growth in small
concentrations, but like the macronutrients discussed above,
excessive levels of micronutrients, such as iron, can result in
toxicity to the plant, which can be detrimental to growth and
yield of crops.33 In addition, deficiencies of micronutrients can
not only stunt plant growth but also exacerbate the toxic effects

of other nutrient overdoses and make the plant vulnerable to
other stresses as well.33 It has been documented as well that
introducing micronutrients along with macronutrients will
increase the efficiency of nutrient absorption of the plant.3,34

Most chemical fertilizers contain a mix of micro- and
macronutrients in salt forms; however, applying a mixture in
this state assumes that the different ions will migrate through
the soil in the same way, which may not be the case. Using a
controlled release system to anchor the mixture of nutrients in
the soil will enable the application of a specific, controlled
mixture of nutrients designed to maximize plant yield while at
the same time ensuring that the mixture remains in the soil in
the desired concentrations.3 The release of fertilizers from a
CRF system can be modeled using computer-aided modeling to
design a system for specific crops and desired release profiles.35

Application of Pesticides, Herbicides, and Fungicides.
Pests that target crop plants are a devastating problem for
agriculture, requiring large amounts of pesticides to ensure that
crops provide optimal yields.36 The large volumes of different
types of pesticides that are being used in agricultural crops
today are of great concern in terms of people’s health and
environmental risk.36 In much the same way, controlled release
can be used to reap additional benefits from lower volumes of
fertilizer, and similar systems have been proposed for pesticide
agents to reduce the amounts of these chemicals needed to
achieve a crop protective effect and reduce the amount of
chemicals released into the surrounding environment36 or
provide better systemic application.37,38 Controlled release
systems are most useful as antifungals and to address soilborne
pests that affect seeds, roots, and early plant growth because
these problems can be targeted using a soil-based release
system.36,39

It has been suggested that using pesticides in this way could
have benefits for both efficiency of fertilizer applications and
reduction of the possible toxic effects to the surrounding
environment. In response to this need there have been recently
developed methods for the encapsulation and controlled release
of different varieties of pesticides to both provide higher
efficacy and reduce the amount of pesticide released into the
environment.40 A polyacrylamide−methylcellulose hydrogel
showed sustained release of paraquat pesticide over a period
of 45 days and was speculated to have further use as a method
of improving water retention qualities of soil.40 Herbicides are
an important part of reducing crop losses due to competition
between crop plants and weeds. Herbicides are typically
deployed in large doses in spray form, and this method results
in large percentages of herbicide being lost to the environ-
ment.41 Hexagonal mesoporous silica modified with carboxylic
acid obtained by a sol−gel process was able to release
herbicides at a constant rate for a period of 30 days, which
would allow sufficient amounts of herbicide to reduce weed
infiltration while significantly reducing the amounts of
herbicide needed and released to surrounding areas.42 Another
herbicide release mechanism employing magnesium/aluminum
layered double hydroxides was also shown to be able to
encapsulate and release hydrophobic herbicides in early trials.43

Unfortunately, the double hydroxide mechanism was not as
long-lasting as the mesoporous silica, reaching a maximum
release of herbicide in 8 days as opposed to 20 days for the
silica.42

Improvement of Water Retention. Water retention of
soil is an important growth factor for crops that determines
their resistance to drought events. It is desirable for soil to keep
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water at root level for as long as possible so the water is
accessible to plants for growth before it drains to groundwater
or evaporates into the air. Of particular concern as well is the
depletion of freshwater reserves that may result in the necessary
use of more sodic or saline soils that are less optimal for plant
growth and introduce salts into the soil.28 Systems for
improving the water retention of soil have been researched to
develop novel materials such as hydrogel matrices that will
reduce the amount of water needed to support crops and
increase drought resistance.44 However, for this technology to
become more widely applicable, there remain concerns
regarding the affordability of these novel materials and their
ability to provide adequate hydration to plants in different kinds
of soils. Commercially available hydrogel materials remain
unreliable under the demands of real agricultural conditions.44

Optimally, a system will be developed that will mitigate this
cost through combining the demand for CRF systems with that
of a water retention matrix to offer a lower cost solution to both
problems for commercial agriculture.

■ MATERIALS FOR SUSTAINED RELEASE
Commercially Available and Emerging Products.

There are a few types of CRFs that are available to agriculture
currently and more are under development; those that are
discussed in this review are summarized in Table 1. There are a

number of strategies among currently available CRFs. The first

method is to use materials that protect fertilizer granules using

a physical barrier such as a polymer coating or matrix that will

allow fertilizers to gradually diffuse outward. A second method
involves using inorganic fertilizers that will only slowly become
solubilized and available to plants and will not easily migrate
due to water flows in the soil. Another method is to use
materials that are made available as fertilizer only after chemical
or biological degradation; one example of this material is
known as ureaform. Another common method is to use a
coating of a material that gradually decomposes and releases the
stored material such as paraffin wax, polyolefins, or poly-
ethylene.3,18 The longevity of organic-coated fertilizers depends
on the thickness of the polymer coating.45 Coated fertilizer
releases nutrients through the penetration of water, which
creates a nutrient-rich solution from the solid fertilizer, which
then diffuses out. The release of nutrients from the particles is
increased as more of the solid nutrient is solubilized. Release
kinetics experiments show that coated fertilizers have a linear
increase in the amount of fertilizer released over time, releasing
fertilizer more rapidly as time increases,45 and because CRFs
are applied during seeding, this means that more fertilizer is
released as plants grow. However, some fertilizer is still released
in the earliest stages of plant growth, whereas traditional
fertilizers are not applied until later.
Emerging materials for CRFs include materials that have

novel properties designed to improve plant growth through
added features such as improved water retention or ability to
apply specific release profiles of different nutrients to address
plant needs.35,46 Some materials are able to apply a greater
variety of materials to plants such as beneficial microorganisms
as well.47 These materials also include materials designed to be
more environmentally friendly than current formulations by
reducing the need for organic solvents that many of the current
polymer-based materials rely on.18 Other formulations promise
better control over nutrient release, ability to load multiple
materials into the particle such as micronutrients and pesticides,
and reduced-cost materials.3,7,18,25,48 Many newer CRF
materials are based on existing drug delivery systems because
it is already known that these materials are able to release small
molecules in a controlled way. Materials such as Curdlan,
carboxymethyl cellulose, and other polysaccharides that have
classically been used as drug delivery mechanisms or
encapsulation agents are finding use as CRF materials,20,21 as
well as coating and granulation processes such as fluidized
bed.18 The challenge in adapting these new materials lies in
determining if the release rates can be adjusted to be useful for
fertilizer applications and whether these materials can stand up
to outdoor environments. Additional materials such as calcium
alginate and polylactic acid are able fulfill roles similar to the

Table 1. Available Controlled Release Devices for
Agricultural Applications

water retention fertilizers pesticides

commercially
available

none paraffin wax none

polyolefin coatings

polyethylene coatings

in development polyvinyl alco-
hol/chitosan
hydrogel

curdlan polyacrylamide−
methylcellulose
hydrogel

carboxymethyl cellu-
lose

calcium alginate hexagonal mesopo-
rous silicapolylactic acid

phosphate glass magnesium−alumi-
num double-layer
hydroxide

pectin

insoluble NPK (nitro-
gen−phosphorus−
potassium)

Figure 1. Release kinetics of urea coated with polylactic acid (left) and wax (right).Reprinted with permission from ref 58. Copyright 2002
Elsevier.58
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traditional polymer coating materials but do not require organic
solvents and are readily derived from plants and can also be
used to encapsulate a wider variety of fertilizer materials such as
beneficial bacteria.49,50 Polylactic acid is applied as a polymer in
solution by spray-coating or fluidized bed to coat fertilizer
particles much in the same way as traditional polymer coatings,
the main difference being that polylactic acid is less toxic.
Polylactic acid particles release fertilizer on a time scale that is
comparable to traditional wax-coated CRFs; a comparison is
shown in Figure 1.
Calcium alginate is made through the addition of calcium

chloride to sodium alginate, which causes the material to cross-
link into gel beads typically around 4 mm in diameter.50,51

However, the kinetics associated with calcium alginate gel are
not a sustained release but instead exhibit a burst release of
encapsulated material that accompanies the release of water
from the gel followed by a slow release of the remaining
encapsulated substance.51 This problem has been addressed by
coating the gel beads with polymer (Figure 2) or through

modifying the gels through the incorporation of other materials
such as cellulose or gelatin to create gels with a more sustained
release and was shown to be an effective medium for controlled
release of bacterial fertilizer.50,51

Phosphate glass is a material made by converting crystalline
phosphate doped with potassium, calcium, magnesium, or
silicon oxides to an amorphous glass material under high
temperature. This material is made up entirely of nutrients that
can be utilized by plants once dissolved and is completely
nontoxic.52 The material degrades through hydrolysis of
phosphorus oxygen bonds of the glass, which results in a
soluble form of phosphate that can be taken up by plant roots.
The kinetics of release from this glass material depends strongly
on a number of factors including temperature, granule size,
moisture content of the soil, and concentrations of dopants in
the material.52 Theoretically these phosphate glasses are
capable of tunable solubility, allowing complete dissolution
between days and 4 years, but the unpredictable impact of

degradation due to soil moisture content and other factors may
limit its usefulness.53

Pectin, carboxymethyl cellulose, and other similar hydrogels
are naturally sourced materials and as such are nontoxic and
biodegradable. The hydrogels are made through dissolution of
the polymers in water and addition of a cross-linking agent or
heating of the solution, which causes a hydrogel to form.21 The
gel characteristics can be altered by changing the parameters of
the cross-linking reaction to alter the material properties and
release kinetics of the hydrogel. Materials are encapsulated in
the gel by mixing before cross-linking to physically trap the
molecules by the cross-linked gel. These hydrogels have been
shown to exhibit other functions that are useful to crop growers
in addition to the sustained release of nutrients such as
improving the water retention of the soil and uptake of harmful
heavy metals.21 Due to the mechanism for nutrient release from
the hydrogel as well as hydrogel degradation, the release
kinetics of these hydrogels depends heavily on the moisture
content of the soil.
Insoluble NPK rhizosphere-controlled fertilizer (RCF)

consists of insoluble NPK compounds that are made available
to the plant only through reaction of the compounds with
plant-produced carboxylic acids to form soluble fertilizer
compounds, which can be absorbed by the plant roots. A
phosphorus form of this material was made by using a matrix of
double-metal (Mg, Zn) phosphates.19 This type of fertilizer
promises to solve many of the current issues with CRFs by
preventing the fertilizer-bearing compounds from becoming
soluble until activated by citric or other carboxylic acids
produced by plants. This type of CRF was shown to decrease
the leaching and volatilization of the phosphorus compounds in
soil while maintaining plant availability of the nutrient.19

However, the same study showed that the RCF compound was
pH-sensitive in soil, altering the amount of nutrients released
on the basis of soil acidity and suggesting that the compound is
not completely protected from environmental effects that
degrade its performance. Fertilizer release from this type of
CRF is slowed significantly, so much so that it must be coupled
with soluble nutrient sources to supply the plant until the RCF
has had time to be activated and start releasing nutrients. The
pH sensitivity of the RCF compounds results in much more
water-soluble fertilizers having to be added to RCF placed in
alkaline soil due to the further reduction of the speed of
nutrient release from the RCF compound.54 Overall, RCF and
other insoluble NPK sources are promising in addressing many
problems with commercial fertilizer application but have
limitations on their use, such as limited efficiency in alkaline
soil, which may limit their market penetration and usefulness.
The development of these materials and other new materials

for CRFs is important because there are a number of issues
preventing widespread adoption of sustained or controlled
release materials in their current state. Slow release materials
have been and continue to be a relatively small market when
compared to typical chemical fertilizers.3 The major limitations
of current CRFs are primarily their high cost, which can range
between 2.5 tand 8 times that of regular chemical fertilizers,
representing a cost increase of up to $64 per acre depending on
the type of crop and controlled release system, and a lack of
data regarding the release kinetics of CRF in various types of
soil and environmental conditions of interest to the agriculture
industry.8 Current CRFs are vulnerable to changes in
temperature, ambient moisture, bioactivity of the soil, and
wetting and drying cycles of the soil. Changes in any of these

Figure 2. Release of pentachlorophenol herbicide from calcium
alginate gel beads with and without polyethylene imine coating.
Reprinted with permission from ref 51.51
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conditions will make the release rate of the fertilizers
unpredictable and will negatively affect the efficiency of the
fertilizer release, especially if the release rate has been calibrated
for a specific kind of crop. In addition, CRFs do not respond
directly to the plant’s demand for nutrients and release
nutrients at the same rate regardless of whether a plant is
demanding more nutrients or none at all.3 The emerging
products currently under development address some of these
issues, but whether this will be enough to outweigh the costs
enough for the agricultural industry to undergo a major
adoption of these products is unknown.

■ CROPS OF MAJOR INTEREST FOR CONTROLLED
RELEASE FERTILIZERS

The main beneficiary of better CRF technology will be the
agriculture industry, which will be able to use this technology to
reap improved yields and fewer losses of crops. Of greatest
interest for CRFs are crops that are typically fertilizer intensive
due to needing a great deal of chemical fertilizer application to
achieve optimal growth, because these have the greatest
potential for efficiency gain. These crops rapidly deplete soil
of major nutrients such as nitrogen and require large amounts
of fertilizer or crop rotation with leguminous crops capable of
nitrogen fixation to restore nitrogen to the soil.55 However,
crops used to restore nitrogen in this way are much less
profitable than cash crops, and this practice can reduce the
profitability of land due to lost growing time for profitable
crops. These crops are also typically the most in demand for
crop growers because they make up the majority of the feed for
livestock as well as being used extensively for human
consumption and, in the case of corn, biofuels.
The crops that CRFs have the potential to benefit most are

common agricultural crops such as wheat, corn, soy,
tomatoes,31 and potatoes12 and other crops that also require
large amounts of fertilizer or very rich soil to grow well.
Materials that are used for improving water retention would
also be most useful for plants that have weak drought resistance
or shallow root systems56 such as rice57 and wheat grasses for
foliage or lawns.
Overall, as the push for agriculture to become more

sustainable becomes stronger due to the development of a
green mentality among the public, industrial agriculture will
need new solutions to help reduce the amount of resources
consumed by the production of food. In addition, the pressures
of increasing fertilizer cost and the possibility for climate shifts
resulting in drought or water shortages will make the
development of new solutions even more pressing and
necessary to reduce costs and improve efficiency. CRFs offer
solutions to many of the problems that are on the horizon for
agriculture. Solutions in development promise to reduce air and
water pollution from fertilizer, increase the efficiency of
fertilizer absorption and plant growth, and improve the water
retention properties of the soil to reduce water need and
increase drought resistance. Due to the additional cost required
to deploy CRFs, the materials currently available have not been
able to develop a large market share. If the materials in
development are to succeed, they will need to offer better value
to growers by reducing the cost of fertilizer application,
reducing the amount of fertilizer needed, and increasing crop
yield or reducing crop losses.
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