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a b s t r a c t

Superabsorbent hydrogels (SH) continue being a very important issue in both academic
and industrial fields due to their applications in several technologies. This is proved by
the impressive number of publications, through papers and patents as well, dealing with
SH. This review is targeted to update and discuss some important aspects of synthesis,
characterization and application of SH in agriculture, mainly those based on polysaccha-
rides, as soil conditioners and as polymer carriers for nutrient release. Basic properties of
SH and some methods for chemically modifying polysaccharides are given and some direc-
tions for hydrogels preparation are highlighted as well. Mechanisms associated with water
transport into the 3D matrix, taking into account the transference of mass from hydrogel–
soil system to plant, are discussed in the light of some mathematical models. Release of
nutrients either from granules coated by hydrophilic polymer or from SH, targeting appli-
cations in agriculture, is also discussed on the basis of often used mathematical models
(the swelling-based kinetic models) and on a diffusion-based kinetic model with a partition
activity coefficient. Examples of recent applications in agriculture as soil conditioners and
carriers for nutrient release (fertilizers, etc.) are given. At the final, future trends and per-
spectives are considered. More than two hundreds references are cited in the whole text.
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1. Introduction

Materials are the basis of any civilization. Due to their availability the development of new technologies and the expan-
sion of science borders are possible. The continuous claim for novel materials has stimulated studies with the most varied
range of chemicals and compounds. In this sense, polymers technology has provided a massive contribution to development
and design of original materials. Different technological fields, such as medicine [1,2], engineering [3,4], and agriculture [5,6],
for instance, have employed polymeric materials. This is stimulated by the polymer advantages over the conventional
feedstock. In general lines, polymers are easily processed and chemically modified. They show desirable physical and
mechanical properties, and in some cases economically accessible. Among the more promising polymeric materials, a special
class of soft materials has attracted wide interest in the last three decades: the hydrogels. The hydrogel preparation was
firstly reported in the end of 60s by Witchterle and Lim [7] and since then these incredible materials have been used as pow-
erful tools in different technological segments. A huge number of articles related to hydrogels are reported in literature in
which different preparations allowing a myriad of structures, properties and applications are described. This review is
devoted to discuss recent studies on superabsorbent hydrogels matrices (SH) based on polysaccharides applied in agriculture
as soil conditioners and as nutrient carriers.

1.1. Basic concepts on superabsorbent hydrogels (SH)

Typically, superabsorbent hydrogels (SH) are three-dimensional matrix (3D) constituted by linear (or branched) hydro-
philic polymers that are chemical of physical crosslinked, with the ability to absorb large quantities (swelling ratio
(SR) > 100) of water or biological fluids [8,9]. Further, SH can keep their network stable even in the swollen state. Such char-
acteristics result from the crosslinked structure, which assures to SH stability in different media and environments [9]. The
crosslinking can be achieved through two main pathways: chemically or physically processes. The chemically crosslinked SH
show as main characteristic the irreversible covalent bonds formed among the polymeric chains [10]. A great variety of
methods to form crosslinking have indeed been used to prepare chemical hydrogels (e.g. radical polymerization, reaction
of complementary groups, grafting reactions, enzymes, etc.) [10]. On the other hand, on physically crosslinked hydrogels
the polymeric chains hold together by physical interactions, such as electrostatic interactions, Van der Waals forces and
H-bonds [11]. In the last type of hydrogels, the crosslinking is reversible and the matrix can be destroyed as submitted to
specific conditions. The crosslinking type used for preparing SH influences also significantly some critical parameters, thus
the final properties of SH and, in consequence, the potential of SH applications [12,13]. Water uptake capacity, swelling
kinetic, mechanical and rheological properties, degradation rate, porosity, toxicity, and other properties are intimately
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related to the method used for crosslinking process [12,13]. Therefore, according to the final application, the SH synthesis
must be tailored in a certain way allowing to form materials showing (or able to show) desirable responses, e.g. fast swelling,
degradability, porosity, etc. Of course, other parameters could be also achieved to assure specific properties. The polymer
type, for example, can enhance the hydrophilicity of the SH matrix and contributes to its (bio) degradability. Acrylic
monomers/polymers had been often chosen as raw materials to form high performance SH [14]. For years, polyacrylamide,
poly(acrylic acid), and other polyacrylates have been extensively applied to prepare high performance superabsorbent mate-
rials [15–17]. Currently, the growing environmental concerns have stimulated the use of free oil-based polymers.
Alternatively, natural polymers, especially the polysaccharides, have been largely used to replace (or be combined with)
those polymers [18–20]. Attractive issues such as low-cost, abundance, renewability, and biodegradability, among others,
have stimulated the use of polysaccharides, such as pectin, cashew gum, Arabic gum, starch, chitosan, chitin and others,
to design novel SH, which have been applied in the environmental (e.g. agriculture, waste-water treatment, etc.) and
biotechnological fields [18–20].

The use of some specific monomers (or polymers) in SH synthesis allows obtaining stimuli-responsive materials able to
give different responses according to the medium conditions. Stimuli-responsive SH are those which experience changes
either in structure or in other chemical and chemical properties under the influence of environmental (external) conditions
such as temperature, pH, light, electric field, and certain chemicals [21,22]. For instance, SH based on the thermoresponsive
polymers poly(N-isopropylacrylamide) or poly(N,N-diethylacrylamide) can show hydrophilic or hydrophobic behavior
[23,24]. Stimuli-responsive SH belong to one of the most exciting and immerging class of smart soft materials [25].
Copolymerizing acrylate monomers and polysaccharides is a versatile option for joining the properties of both. Also other
versatility on SH can be achieved associating with another class of compounds/substances, which results in a SH composite
[26]. Inorganic particles, whiskers and fibrils, in macro, micro or nanosized dimensional scale, have been incorporated into
SH formulations resulting a huge number of original (nano)composite materials [15,27]. The association between polymeric
matrix and inorganic/organic particles confers to the composite material enhanced properties or even creates new ones (e.g.
biocompatibility, biodegradability, antimicrobial, etc.). Different works have been proposed for preparating SH composites
able to overcome some limitations inherent to their use. As consequence, the frontiers of applicability of such materials have
been expanded considerably.

1.2. Some properties of SH

As earlier mentioned, the main characteristic of SH is their ability to absorb and retain large amounts of aqueous solution.
Whereas conventional absorbent materials can absorb up to hundred times their dry weight, SH increase these feature up to
thousand times. Guilherme et al. [28] prepared an SH based on chemically modified cashew-gum copolymerized with acry-
lamide (AAm) monomers producing material labeled as CG-co-AAm with water uptake capacity equal to 1500, after further
partial hydrolysis of acrylamide repeat units. Such interesting ability can be credited to the thermodynamic compatibility
between water molecules and the chemical groups that form the SH network [29,30]. In the most part of the cases such
materials present electrical charged (or chargeable) groups, which at the initial step of swelling process promote interactions
with water molecules by electrostatic (ion–dipole) interactions. At the same time, the hydrophobic moieties into SH matrix
interact with water by weak forces. Free water diffuses by osmosis inward the SH matrix after that all the hydrophilic and
hydrophobic sites had been filled by water molecules. The water molecules occupy all the available empty spaces existing in
the 3D network. For this reason, porosity, density of polymer chains and crosslinking degree are, among others, crucial
parameters to the SH water uptake capacity [29,30].

The characterization of the water uptake capacity is undoubtedly primordial to understand the SH structure and potential
properties. Swelling assays are mandatory for works discussing SH synthesis and properties. Such assays can be carried out
in the most varied conditions (water, saline solutions, buffers, simulated body fluid, etc.), time intervals, and in the presence
or absence of external factors such as light, magnetic or electric field, enzymes and solutes [31–33]. The complete elucidation
of the swelling profile exhibited by a given SH assures better applicability and adequate responses in specific situations.

Considering the water uptake capacity, the most important feature of SH, is far to be unusual some works make use of
different tools (synthesis techniques, factorial designs and response surface methodology, etc.) to optimize procedures
and to join into a same SH matrix desirable swelling response and others physical–chemical properties. Different works dis-
cuss very original options to form and to improve SH networks. Chemical modifications (grafting and substitution reactions,
hydrolysis, etc.) for incorporating different classes of materials/molecules into SH formulation are good examples. Different
techniques can be applied to characterize SH network taking into account the method applied to form the 3D matrix, or to
chemically modify the parent polymers before the crosslinking process. Spectroscopic techniques, such as NMR, FTIR,
RAMAN and UV–Vis are, in general, unanimous candidates to characterize chemical modifying reactions and physical inter-
actions in SH network [29,30] as well some incorporated material (filler) during the gelling process [34,35]. In respect of this,
the arrangement of the polymeric chains and filler materials into the SH matrix has been evaluated by X-ray diffraction anal-
ysis, which can be carried out in small (SAXS) or wide (WAXS) angle scattering modes [36]. SAXS patterns are very important
to elucidate changes in the crystallinity profile of nanoclays incorporated into SH matrices, for instance [37]. Thermal anal-
ysis (Thermogravimetry – TGA, Differential Scanning Calorimetry – DSC, and Differential Thermal Analysis – DTA) have been
employed to evaluated, as pointed out above, the interactions between the SH network and the water, the thermal stability,
and to determinate some properties (melting, Tm; and glass transition, Tg; temperatures) [38,39]. The morphological aspects
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of SH, which stands as key role in uptake capacity and swelling kinetics, have been investigated by microscopy (Atomic Force
Microscopy – AFM, Scanning Electron Microscopy – SEM, and Transmission Electron Microscopy – TEM). Images recorded by
SEM from surfaces (fractured or not) regions of different SH matrices are powerful tools to evaluate aspects as pore size and
pores size distribution [40]. On the other hand, TEM images allow qualitative understanding of internal structure as well the
particles distribution/formation within the SH composites matrices [41]. Despite of all these considerations about the mor-
phological aspects, it is worthy to say that SH often presented fast swelling capability and such property is independent on
the size of SH [16]. Unlike microstructure and morphology, which affect the SH water uptake capacity, mechanical and rhe-
ological properties are sensitive to the swollen state. In certain cases, high swelling degrees cause significant harm on the
mechanical properties [42]. As mentioned, the capacity of SH for absorbing water contributes significantly for water reten-
tion and maintaining some properties of soil such as local humidity [43], increase the soil permeability and aerating helping
the increase of nitrogen retained by the plant [44]. One very important drawback of highly swollen SH is the poor mechanical
properties. As higher is the amount of water within hydrogel poor the mechanical properties [16]. Some works are devoted
to investigate strategies to overcome this limitation and one of the most prominent advances in this area reports the use of
fillers (nanowhiskers, nanofibrils, etc.) as reinforcement agents [15,45,46]. This approach ensures good balance between high
swelling and adequate mechanical properties. Attempts for deep discussion about the design and the current methods for
synthesizing/characterizing SH matrices applied in agriculture are made in next sections, mainly focused on SH based on
polysaccharides.
2. Preparation of superabsorbent hydrogels based on polysaccharides

2.1. Chemical modification of polysaccharides towards hydrogel formation

In recent years, SH incorporating polysaccharides have been widely studied [47–49], because they appear as viable eco-
logic and economically alternatives, aiming at soil conditioning [50]. Other characteristics which have been assigned for the
use of polysaccharide-based SH are their nontoxicity, biodegradability, availability, and efficiency of application [51]. The
polysaccharides are used in hydrogels field as a constituent-key, serving as a support on polymer network and allowing other
properties such as (bio)degradability. In other words, if the polysaccharide chains break, the hydrogel unmakes. This char-
acteristic makes the polysaccharide-based hydrogels appropriate for uses in soils as a fully biodegradable system for con-
trolled release of nutrients, because the polysaccharides are susceptible to (bio)degradation by microorganisms [52] or
chemical or physical stimulus [53]. If, for one side, the degradability of polysaccharide avoids the contamination of soil
by chemicals, on the other side it originates a drawback that needs be overcame. For instance, SH based on polysaccharide
may present precocity in degradation in such a way that the nutrients inside the 3D matrix is not released much slow as
requested [16]. In the best situation, the total amount of nutrients should be released in a rate compatible to the plant neces-
sity and occurring in the total range of degradation time of SH matrix.

The polysaccharides in their native form are not able to produce hydrogels with good stability, which is an essential con-
dition for uses as controlled system of nutrients into soil. Hydrogels from polysaccharides may be prepared using chemical or
physical crosslinking approach or both [54–58]. The advantage of chemicals approach (crosslinking through covalent bonds)
is that the 3D matrix remains stable with time, preserving the gel properties. To address the challenges associated with the
lack to ability to produce mechanically stable hydrogels from not chemically modified polysaccharides, an approach based
on a chemical reaction that involves linking carbon–carbon double bonds to polysaccharide chains has been widely used
[59]. Many polysaccharides, including those of complex structures, such as pectin [60], cashew gum [28], Arabic gum [61]
and starch [62], have been modified through vinyl groups incorporation in order to produce SH. The idea of modifying
polysaccharides by addition of vinyl groups is far being new, although the mechanisms involving methacrylate addition reac-
tion through glycidyl methacrylate (GMA) were recently clarified. This approach was pioneered by van Dijk-Wolthuis et al.
[63,64] in the mild-1990s. More recently a paper devoted to clarify such mechanisms was published [65].
2.2. Chemical hydrogels based on different vinyl-modified polysaccharides through addition of methacrylate groups

2.2.1. Pectin
The chemical modification of pectin has been shown to be an efficient strategy using polysaccharides as starting poly-

functional moieties to create a SH [60]. The swelling profiles of modified pectin-based SH in saline solutions were in same
order magnitude of those found in distilled water, i.e., they interestingly do not lose their capacity of water superabsorption
in the presence of salt in certain conditions. Those hydrogels also showed controlled release characteristics of urea, phos-
phate and potassium [60].

The modification of polysaccharides with the use of the GMA occurs by transesterification and/or epoxide ring-opening
reaction mechanisms [66,67]. The occurrence of one or both of the reaction mechanisms depends on pH and chemical nature
of polymer and solvent. At acidic medium, GMA reacts with both carboxylic and hydroxyl groups by epoxide ring-opening
mechanism in a forward and irreversible reaction route [67]. The reaction resultant products of epoxide ring-opening reac-
tion are two isomers: 3-methacryloyl-1-glyceryl and methacryloyl-2-glyceryl esters of polysaccharide. At basic condition,
GMA reacts with hydroxyl groups by both the transterification, which occurs in the forward and reverse direction, and



M.R. Guilherme et al. / European Polymer Journal 72 (2015) 365–385 369
the epoxide ring-opening. Under this condition, the following isomers are formed: vinyl methacrylate of polysaccharide, 3-
methacryloyl-1-glyceryl ether of polysaccharide, and 3-methacryloyl-2-glyceryl ether of polysaccharide [65].

2.2.2. Cashew gum
An effective SH was prepared using chemically modified cashew gum copolymerized with acrylamide and submitted to

further hydrolysis [28]. The cashew gum was firstly modified with GMA using a mixture of water and dimethyl sulfoxide
(DMSO), as solvent, and N,N,N0,N0-tetramethylethylenediamine (TEMED), as catalyst. Depending on the reaction time used
for acrylamide hydrolysis, the cashew gum hydrogel can swell in water up to about 1500 times its own dry weight, without
significant loose the geometrical form as compared to original material (dry material). That hydrogel is a high performance
water absorbent, which makes it attractive for soil conditioning [28], but the problem was the use of DMSO as solvent for
chemical modifying the polysaccharide. The work of Reis et al. [65] is an alternative avoiding use of DMSO.

2.2.3. Starch
Starch is among the most widely used polysaccharides in SH production, and has been the target of several studies includ-

ing industrial and academic sectors [68]. It is the second most abundant carbohydrate polymer in nature (next to cellulose)
and stands out as one of the most important natural polymers. Beyond being obtained from renewable sources, this polysac-
charide offers other important advantages such as low cost, ease of chemical modification, ability to replace some synthetic
polymers, good mechanical resistance and plasticity. The modification of starch with GMA has been commonly processed in
the presence of catalytic agents such as 4-(N,N-dimethylamino)pyridine (DMAP) and N,N,N0,N0-tetramethylethylenediamine
(TEMED). The product resultant from that reaction was able to undergo radical reaction that leads to hydrogelation.
Chemical starch hydrogels of high water absorption capacity were prepared through ultrasound-assisted radical crosslink-
ing/polymerization reaction in the presence of acrylamide and acrylic acid. The as-obtained material was able to absorb
approximately 150 g of water per gram of dry hydrogel after 200 min of immersion [62].

2.2.4. Arabic gum
Arabic gum was also successfully modified with GMA [34]. From then on, the use of potentially toxic reactants and of

organic solvents in the modification reaction was discontinued. Vinylated Arabic gum was obtained by an adapted approach
that uses water as solvent without catalytic agent. However, when only water is used as solvent, a further problem had to be
overcomed: GMA is insoluble in water. To address the challenges related to insolubility of the GMA in the reaction medium, a
heterogeneous phase system composed of water-soluble Arabic gum and water-insoluble GMA was provided using high stir-
ring speed at a temperature range of 60–65 �C. Under these conditions, the polysaccharide is able to be vinyl-modified at the
interface of the GMA–water system. The product was easily crosslinked through reaction with acrylamide and sodium acry-
late monomers, forming SH. It absorbs ca. 500 g of water per gram of dry hydrogel in 60 min, without its mechanical stability
being seriously affected [34].

2.3. Chemical hydrogels based on polysaccharides vinyl-modified by redox reaction

Thermal treatment of the material in the presence of peroxides, which leads to formation of radical ions on hydroxyl or
carboxyl groups, is also an efficient approach to transform uncrosslinked polysaccharides into a hydrogel. In such a case,
covalent crosslinks can be introduced by adding vinyl monomers that reacts with the radical hydroxyl groups of the polysac-
charide. For instance, Diao et al. [69] modified peanut hull cellulose using potassium persufate at 50 �C and the product from
that reaction was further polymerized with acrylic acid, acrylamide, 2-acrylamide-2-methyl-1-propanesulfonic acid produc-
ing SH. The process to convert the uncrosslinkable polysaccharide into a functionalized/crosslinked polymer starts off with
the thermal decomposition of the potassium persulfate. At temperatures close to 85 �C or above, the potassium persulfate
undergoes homolytic cleavage forming sulfate radical ions. After the breakdown of the peroxide, the radical reacts with oxy-
gen of sulfate or hydroxyl groups in carbohydrate. Then the new formed radical reacts with vinyl monomers in the same
manner as the sulfate radical ions did. It follows that there is an addition of more and more monomers to the ever-increasing
chain. Equivalent approaches have been used to modify kappa-carrageenan [9], carboxymethyl cellulose [70], sodium algi-
nate [71], xanthan gum [72], carboxymethyl chitosan [73], chitosan [46] and so forth.

The production of SH based on chitosan has significantly increased in recent years [74–77]. Chitosan can be modified
through reaction with vinyl monomers [78,79], compounding with functionalized components [80], and complexation with
polyelectrolytes [81].

2.4. Physically (non covalent) hydrogels based on polysaccharides

Another approach that has been explored involves introducing physical crosslinks to prepare noncovalent hydrogels. In
this direction, carboxymethyl cellulose was obtained through the carboxylation reaction of cellulose with monochloroacetic
acid in hydroxide solution. The product from that reaction is a polyelectrolyte that can be physically (ionically) crosslinked
with multivalent metal ions such as aluminum. There are natural anionic polysaccharides with ability to form strong
hydrogels with divalent and trivalent cations, although divalent ions cause contraction of polymer network (during
crosslinking process) affecting the water absorption capacity. On the other hand, these hydrogels can be readily transformed
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to aerogel by scCO2-assisted drying [82]. The aerogel possesses highly porous polymeric network with connected pathways
throughout the material. This type of architecture allows fast water diffusion into and through the hydrogel.
2.4.1. Polysaccharide-based hydrogels prepared by emulsion technology
Particulate SH can also be produced through crosslinking/polymerization emulsion process. Although the polysaccharides

have no good sphere-forming capacity, because of complexity of their macromolecular fragments and structural–conforma-
tional characteristics, this approach provides particles with spherical shapes, as a result of minimum single-particle surface
energy [83]. Emulsion polymerization offers advantages for simple, easy and quick preparation; products with high molec-
ular weight [70]; and well-defined preparation stages. The stability of an emulsion is related both to chemical nature of
interfacial film and to attraction/repulsion balance force occurring among the particles suspended in the liquid, which are
important in the prevention of the droplets coalescence [83]. An efficient strategy to prepare crosslinked polysaccharide par-
ticles with controlled size is the crosslinking/polymerization in a water-in-oil emulsion under vigorous stirring [84]. In such
a case, the spherical structures results of a random movement of water droplets inwards the oil phase under vigorous stir-
ring. Under these conditions, stable emulsion of oil phase-surrounded water droplets with controlled size within a certain
range is formed. The reaction occurs within the small water droplets due to hydrophilicity of the reactants. The water-in-
oil can be stabilized by amphiphilic substances such as poly(vinyl alcohol) (PVA), an emulsifying agent. The adsorbed PVA
on interface reduces the interfacial tension. Ultrasound-assisted polymerization has also been an excellent tool in the pro-
duction of hydrogel particles with defined outlines [85]. The main advantage of such an approach is that the crosslinked
polysaccharide particles are formed in few seconds. On the other hand, reactions that require polymerization times longer
than 3–5 min can cause thermal degradation of the polysaccharide, owing to an overheating of the emulsion [85]. In such a
case, polymerizations at room temperature under the protection of N2 atmosphere should be considered, if possible.
2.5. Polysaccharide-based hydrogels prepared by scCO2-assisted drying of emulsions

The water absorption capacity of hydrogel particles can be improved by increasing their porosity. A way of doing this is to
dry the particles in scCO2 [69,86]. Beyond providing porous particles, supercritical drying also is an efficient approach to pre-
pare small particles with narrow particle size distribution, as compared to traditional solvent evaporation of emulsions used
in the production of polymeric nanoparticles [87]. In scCO2, the original configurations of the polymer chains are kept owing
to a fast removal of solvents from emulsion by the solubilization in the scCO2 phase. In the most elementary form, CO2 dis-
solves into the liquid droplets generated by the collapse of stream of the liquid and the solvent evaporates in the scCO2

phase. In the supercritical environment, the pressure is equal in all directions around a particle, providing more defined
shapes.
3. Characterization of superabsorbent polysaccharide-based hydrogels

3.1. Commonly used techniques for characterizing polysaccharide-based hydrogels

3.1.1. Spectroscopic analysis
Important insights into structural characterization of polysaccharides can be gained by Fourier transform infrared spec-

troscopy (FTIR). This tool allows us to observe changes in the modified polymer for further identification and quantification
[88,89]. The analysis is performed by the observation of spectral alterations (in the modes of vibration) of the unmodified
polymer, chemically-modified polymer and final products such as the hydrogels. Because of the FITR data are readily
obtained, this analysis could be the initial study of whole process. The results can be complemented by nuclear magnetic
resonance (NMR), which gives additional data for a more detailed analysis of the chemically modified structures from a
molecular point of view. Furthermore, NMR spectroscopy provides an important tool for accomplishing the modification
reaction. In the case of reaction kinetics, 1H NMR is more appropriate than 13C NMR, because it provides faster spectral data
acquisition [9]. 13C NMR is useful for polysaccharides modified with GMA since it gives an overview of the gelation by 13C
resonances of the methacrylate conjugation [90].
3.1.2. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
SEM data give important insights on morphological properties of hydrogels such as porosity, sample shape and surface

changes. However, to obtain information on actual morphology of a hydrogel, the analysis depends on preparation of the
sample in specific conditions. A convenient route to prepare the sample prior to SEM imaging is the freeze-drying of hydrogel
swelled to equilibrium in water or aqueous solution. In practical terms, the swollen hydrogels are withdrawn from swelling
environment and quickly frozen by immersion in liquid nitrogen before being lyophilized. Under these conditions, it is sup-
posed that the morphology of the swollen hydrogels is maintained [91].

When a hydrogel is analyzed by bright field TEM imaging, the electron beam goes through the sample without causing
any affect in shorter analyze times. Difficult in scattering electrons will occur ever the sample is formed by light atoms.
Although few morphological features can be identified, TEM images did not showed clear details of the sample. Attempts
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can be made to create high contrast images by changing the bright field microscope into a dark field microscope [92]. In
some cases, samples made of polyelectrolyte networks can show small details, owing to crystalline regions.

3.1.3. Elastic modulus (E) of hydrogel through compress/stretch essays
The elastic modulus gives relevant information, with excellent quality and reproducibility, for development of hydrogels.

Several techniques can be used to obtain the value of E. such determination can be done, for instance, from the curves of
stress vs. strain by fitting the experimental data to Eq. (1) [93–95].
r ¼ F
A
¼ Ee ð1Þ
where F is the force and A is the cross-sectional area of the hydrogel, E is the elastic modulus, and e is relative deformation of
the sample (e = Dl/l0, Dl is the extent of deformation and l0 is the initial length of sample in direction to uniaxial
deformation). The data are obtained by measuring the force necessary to compress/stretch the hydrogel up to a defined
deformation extent. Correlation stress and strain when the hydrogel undergoes mechanical compressions under elastic
deformation can be used for such determination. In such a case, the strain is recovered by removing the applied stress.
From a physical-chemical point of view, it is said that the stress is accommodated by the rearrangement of the polymer
chains within the hydrogel. As a consequence, retractive elastic forces concomitantly are developed in those polymer chains
owing to their tendency to return to original configuration [96].

3.2. Swelling properties of hydrogels

Chemical SH are formed of hydrophilic 3D networks of covalently crosslinked polymers (e.g. owing to crosslinking
points), such structures are insoluble and, depending on the used monomers during the synthesis, they may have satisfac-
tory mechanical resistance [97]. Nevertheless, the higher the amount of crosslinking points the lower the swelling degree
[98]. In view of this, an appropriate crosslinking control is needed during the synthesis of chemical SH used in agriculture,
as for controlled nutrient release or soil conditioning [99].

The equilibrium swelling theory of Flory and Rehner [100] describes the equilibrium swelling of a lightly crosslinked
polymer in terms of crosslink density and the quality of the solvent through the following equation [100]
�½lnð1� v2Þ þ v2 þ v1v
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where V1 is the molar volume of solvent and v2 is the volume fraction of polymer in the matrix, v1 is the Flory solvent–poly-
mer interaction parameter, �v is the specific volume of the polymer, M is the primary molecular weight of polymer (before the
crosslinking process) and Mc is s the average molecular mass between crosslinks or the network parameter.

The swelling of a chemical hydrogel after being added into either water or a specific solute solution results of a diffusion
process involving the solvent molecules inwards the 3D matrix due to the hydrophilicity causing expansion of polymeric
chains, counterbalanced by an elastic retractive energy upon stretching of the polymeric chains [101–104]. The 3D network
expansion increases the average distance between crosslinking points. As a result, electrostatic repulsions among either the
anionic or the cationic groups present in the polymeric segments are intensified [105], which drives the diffusion process of
the solute into hydrogel network. The osmotic force is counterbalanced by elastic retractive forces [32,106,107]. While the
volume expansion of an unconstrained polymer sample is isotropic, the surface-attached polymer networks of hydrogels are
free to swell only perpendicularly to the substrate [102]. In the most technical applications, the swelling of polymers and
hydrogels are considered as a detrimental effect [108]. However, the polymeric swelling is extremely useful for applications
of a hydrogel at controlled agricultural nutrient release and soil conditioning [108,109].

The swelling degree (SD), or the swelling ratio (SR), for a hydrogel may be calculated according to Eq. (3):
SD ¼ SR ¼ mswollen �mdry

mdry
ð3Þ
in which mswollen and mdry are the masses of swollen and dried hydrogels, respectively.
Eq. (3) for the swelling degree is analogous to engineering strain in mechanical testing [97,110]. A better definition for

swelling degree that parallels the integral expression of true strain in mechanical tests is given by Eq. (4):
SDtrue ¼
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Eq. (4) for the ‘‘engineering degree of swelling’’ is valid if Dm/mdry is small enough that the quadratic term is negligible in
comparison to the linear term in Eq. (4). For swelling degree greater than 100% (i.e., SD > 1), SDtrue in Eq. (4) is most likely a
better representation of the swelling degree than SD in Eq. (3) [97,110].

The swelling degree can also be measured according to the Japanese Industrial Standard (JIS) K7223. The dry hydrogel is
immersed in deionized water for 16 h at room temperature. After swelling, the hydrogel is filtered using a stainless-steel net
of 100-mesh (149 lm) and the swelling degree calculated by Eq. (5) [111].
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SD ð%Þ ¼ Md

Mins
� 100 ð5Þ
in which Md and Mins are the masses of dried hydrogel and of the insoluble portion after extraction with water, respectively.
The efficiency of loading solutes in hydrogels as a function of time, during the swelling process, may be calculated from

Eq. (6):
Efficiency of loading ðtÞ ðin%Þ ¼ soluteðt ¼ 0Þ � soluteðtÞ
soluteðt ¼ 0Þ � 100 ð6Þ
in which solute (t = 0) is the initial concentration of solute in supernatant prior to the contact with hydrogel, and solute(t) is
the residual concentration of solute in the supernatant after a time t in contact with hydrogel.

3.2.1. Effect of temperature and pH in the swelling degree
Greater hydrogel swelling occurs at higher temperatures due to a combination of the following factors: (i) network ther-

mal expansion, and (ii) destabilization of network junctions, causing expansion of the matrix after water diffuses into the
porous structure [112,113]. When the swelling is conducted in acidic media, the 3D hydrogel network may be destabilized
[97,112]. In acidic media (with pH < pKa) the ‘‘protonation’’ of anionic groups of hydrogel networks increases, decreasing the
concentration anionic groups. It lowers the electrostatic repulsion among these anions on the same chain or on different
chains. Furthermore, equilibrium swelling occurs at shorter diffusion times when pH decreases [97]. In basic media, the con-
centration of anionic groups increases relatively, and electrostatic repulsion causes chain expansion as well as macroscopic
expansion of SH as observed in Fig. 1.

As a result, the rate of mass transfer of neutral organic and inorganic solutes into the porous matrix increases. SH which
the water uptake curves are shown (Fig. 1a) and photo in swollen state (Fig. 1b) was used for removing methylene blue from
aqueous solution with very high efficiency [97].

3.2.2. Water diffusion mechanism
The diffusion of water into polymeric hydrogel networks has been studied using the more general version of the power

law equation, in which the exponent n is a parameter that describes the diffusion mechanism of water [114]. For water dif-
fusion into hydrogels, values of dimensionless n exponent are frequently calculated from the log–log slope of Mt/Meq vs.
immersion time (t), as described by Eq. (7)
Mt

Meq
¼ ktn ð7Þ
in which Mt and Meq are the masses of water absorbed by hydrogel at specific immersion time t and at equilibrium condition,
respectively, being the dimensionless k proportional to the diffusivity of water into the polymeric network [32]. Eq. (7) is a
more general version of the power law equation. It is applied when both time-lag and bust effects are null.

The values of n are commonly characterized using Fickian diffusion, non-Fickian diffusion (anomalous) and Super Case II.
For n < 0.5, the water transport is characterized by Fickian release. In this case, water molecules are considered to diffuse
through the polymer networks simply through diffusion processes. For 0.45 6 n 6 0.89, water diffusion is characterized
by non-Fickian diffusion. In this case, the transport mechanism can be characterized by two processes occurring
(a) Water uptake capacity for (1.5–0.5–0.5) and (1.0–0.5–0.5) SH as a function of immersion time in water. (b) Picture of (1.5–0.5–0.5) SH swollen
d from its own dry weight. Data of water uptake were calculated as the average over the three water uptakes weighed. Error bars represent standard
ns for the three experiments. The used label indicates the composition (in g mL�1) of (chemically modified Arabic gum-AAm-NaAAc) in the SH
is. Reprinted with permission from Ref. [105]. Copyright 2006 – Elsevier.
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simultaneously – diffusion through the pores and macromolecular relaxation of the hydrogel network. When the phe-
nomenon of macromolecular relaxation is involved, there is a direct relationship with the flexibility of the polymer chains
of SH with water transport. Finally, for n > 0.89, the diffusion mechanism of water is exclusively governed by macromolec-
ular relaxation, i.e., Super Case II [32,114]. The Fickian diffusion models set that the diffusion of water into hydrogel networks
takes place until 70% from the initial absorption. Above 70%, there is no linearity in the log–log slope of Mt/Meq vs. time (t).
The linear regression of Eq. (7) is seen in Eq. (8):
log
Mt

Meq

� �
¼ log K þ n logðtÞ ð8Þ
3.3. Mechanical and thermal properties of hydrogels

Chemically crosslinked hydrogels, based on biopolymers such as polysaccharides, proteins, and amino acids, have been
extensively studied for medical, pharmaceutical, and biological applications due to their biocompatibility with living organ-
isms, biodegradability, accessibility, and renewability [115–117]. However, most synthetic chemical hydrogels possess low
mechanical strength, poor toughness, and limited extensibility and recoverability. These problems are caused by their intrin-
sic structural heterogeneity and lack of efficient energy-dissipation mechanisms which limit their extensive use for practical
applications [118]. In many cases, the thermal and mechanical stability of these hydrogels need to be firstly improved before
the practical application [95,97,119–121]. Problems associated with poor thermal and mechanical stability may be
addressed via the incorporation of specific crosslinkers and inorganic nanoparticles during hydrogel synthesis [97], from
the synthesis of double-network [122], slide-ring, [123], nanocomposite [15], triblock copolymer hydrogels [122], and with
pH-based responsive hydrogels [124].

Many polymeric systems like those formed by hydrogels exhibit behavior combining elastic and viscous properties, com-
monly termed as viscoelastic hydrogels [125,126]. The mechanical behavior of ideal solids is mathematically described by
Hooke’s law, which states that the strain of a sample is directly proportional to the applied stress. Thereunto, the proportion-
ality constant is referred as being the Young’s modulus [125,126]. Newton proposed that the applied stress is proportional to
the strain rate, and the proportionality constant is, in this case, referred as being the liquid viscosity. Therefore, the response
of ideal liquids to an applied stress is time and strain rate dependent [125,126].

In order to characterize the mechanical and thermal properties of viscoelastic hydrogels, dynamic mechanical analysis
can be applied [127]. This is an analytical technique in which an oscillating stress is applied to a sample and the resultant
strain is measured as functions of both oscillatory frequency and temperature [128]. From this, a comprehensive knowledge
of the relationships between the various viscoelastic parameters such as storage and loss module, mechanical damping
parameter, dynamic viscosity, and temperature may be obtained [127]. Dynamic mechanical methods have been success-
fully employed to characterize the thermo-rheological properties of hydrogels [127–130].

As already mentioned, thermal and mechanical properties of hydrogels may be characterized respectively by differential
scanning calorimetry (DSC) and compression testes [129]. DSC testes in SH are based on the assumption that only free water
may be frozen. Then, it is assumed that the measured endotherm when the frozen swollen hydrogel is warmed represents
the melting of the free water, and this value will yield the amount of free water in the hydrogel sample being tested. The
bound water is then obtained by difference of the measured total water content of the hydrogel test specimen (gravimetric),
and the calculated free water content by DSC [29].

3.4. Effect of ionic strength

The swelling of porous hydrogel occurs due to water and inorganic/organic solutes diffusion into polymer networks
through capillarity associated to physical interactions [104]. Water molecules and solutes are absorbed due to interactions
with hydrophilic groups such as caboxylates and amines, forming hydrogen and covalent bonds, beyond other physical
interactions [131]. The swelling degree can be controlled by the variation of the chemical composition and
crosslinking degree of the polymer network, and pH, temperature and ionic strength of swelling solutions
[97,104,110,112,113,121,132–134].

The ionic strength of swelling solutions can significantly affect the swelling degree of hydrogels, the adsorption capacity
of agricultural nutrients and the controlled nutrient release on soils [135]. The effect of the ionic strength is related to the
unbalance of the osmotic pressure and elasticity of hydrogels that occurs during swelling. The osmotic pressure is resulted of
the difference between the ion concentrations inside and outside crosslinked polymer hydrogel network [131]. The effect of
ions coming from salts in the swelling degree of hydrogels can be evaluated by Eq. (9):
f ¼ 1� SDsaline

SDwater

� �
ð9Þ
in which SDsaline and SDwater are the equilibrium swelling degrees for saline solutions and pure water, respectively [136]. As
close to zero is the value of f for a hydrogel in a certain saline solution lower is the ionic effect of such solution to the swelling
degree. When f is close to unity stronger is the saline effect.
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Studies of the swelling degree of crosslinked kaolin/clay-based hydrogel composites were carried out [137]. Higher absor-
bance of water was observed for hydrogels containing clay and kaolin. It occurred due to higher amount of hydroxyl and
carboxyl groups in the hydrogel network. The Donnan equilibrium theory points that as the ionic strength is raised, the dis-
tribution in the concentration of mobile ions between the gel and solution is reduced. So, the osmotic swelling pressure of
the mobile ions inside the gel decreases and the hydrogel collapses. Once in contact with high ionic strength solutions, the
previously loaded-nutrient swollen hydrogels collapses causing decrease in the efficiency on the controlled nutrient release
[137,138]. Metals coming from salt and present in high ionic strength solutions decrease the swelling degree due to forma-
tion of intra- and intermolecular metal complexes with carboxyl, hydroxyl and amine groups of hydrogels. It decreases the
electrostatic repulsion among the polymeric networks which is responsible for swelling [139].

The mass of crosslinked hydrogels based on ethylcellulose/poly(acrylic acid-co-acrylamide) increased 134 and 70 times
related to the dried weight after be swelled in distilled and tap water, respectively. This shows that the presence of ions in
the swelling solution has a profound effect on the absorbency behavior in this type of hydrogel [108]. As mentioned, accord-
ing to Donnan equilibrium theory, osmotic pressure is the driving force for swelling of electrical charged hydrogels. In tap
water, the osmotic pressure difference between water inside the polymeric network and that one in the external solution
decreases, resulting in the decrease of the water absorbency. In addition, the penetration of counterions, such as Na+,
Mg2+ and Ca2+, present in tap water into the polymeric network makes the screening effect of them on anionic groups (such
as –COO�) more evident [140], which also decreases the water absorbency. Furthermore, in the case of tap water with mul-
tivalent cations, ‘‘ionic crosslinking’’ at surface of hydrogels causes an appreciable decrease in water absorbency. It has been
reported that calcium ions can drastically decrease the swelling capacity for a hydrolyzed starch- and polyacrylonitrile-
grafted copolymer, due to the complexing ability of the carboxylate groups, inducing the formation of intra- and inter-
molecular complexes [140,141]. Then, depending on the chemically SH network, significant effect is observed on absorption
capacity of water, and consequently, on the adsorption capacity of agricultural nutrients [142]. Cations from saline solutions
compete with nutrient ions by the active sites inside the 3D hydrogel structure [137]. So, it can be pointed out that high ionic
strength (solutions solute or other external environment) difficult the application of hydrogels in controlled solute release
due to higher possibility of collapse their polymer 3D network [143].

3.5. Controlled nutrient release

Controlled nutrient release from biodegradable chemical hydrogels have been widely studied all over the world
[108,133,135,142,144,145]. Controlled nutrient release from polysaccharide-based SH, as carriers, improved the functional
efficiency of nutrients, herbicides, insecticides and fungicides, decreasing the cost of the application process, toxicity for
humans and environmental pollution [144]. Therefore, controlled nutrient release systems are one key approach for reducing
the nutrient losses by leaching after application, minimizing the associated economic costs and environmental problems
[109]. In this approach, controlled nutrient releases based on hydrogels can be used for obtaining optimum release rate
for longer periods after only one application [146].

Appropriate bioavailability of water and nutrients on soils are important to the growing and development of plants and
cultivars [144]. As consequence, the productibility indexes of vegetables, legumes, cereals and grasses are higher. Soils
appropriately prepared for planting should not have organic and inorganic contaminants since they can interfere in the
gowning and development of roots, and consequently the whole plant [146]. Herein, some properties need to be controlled
and they are important in order to indicate the type of crop more appropriate in that environment. One of the properties that
need to be monitored is the quantity of nutrients present in the soil. The most important and essential nutrients for planting
soils include potassium, calcium, iron, copper, nitrogen, phosphorus, sulfur and boron [146], although it is estimated that
from 40% to 70% of nitrogen and 50% to 70% of potassium are lost by leaching [147]. Thence, high quantities of nutrient
are not absorbed by plant roots [142]. In order to solve this problem, additional doses of nutrients, herbicides, insecticides
and fungicides need to be applied. However, this additional application increases the loss of compounds by leaching, exac-
erbating the environmental pollution. In view of this, superabsorbent chemical hydrogels (often polysaccharide-based) have
been studied as controlled release carriers of compounds in soils prepared for planting [147–149].

The fraction of nutrient, herbicide, pesticide or other solute released from chemically crosslinked hydrogels may be cal-
culated according to Eq. (10) [97,113].
Fraction released ðFRÞ ¼
amount released
amount loaded

ð10Þ
The amount loaded can be calculated through Eq. (6).

3.5.1. Mathematical models for treating nutrient release profiles data
The vast majority of the superabsorbent materials are used in granular form [83]. Very effective forms and technologies

for producing and dosing them have been developed. Granular form often is coated by hydrophilic polymer that helps the
first stage of water absorption process and the releasing of loaded nutrients. However, in dried state, SH are hard and brittle,
fact that can influence the swelling/release processes. In that follows, discussions related to mechanism and mathematical
models for nutrient release from coated granules or from SH are given, focused to agriculture application.
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3.5.1.1. Nutrient release profile from polymer granules. Monitoring released nutrients on soils has attracted attention of many
researchers and governments over the world because the water quality for human consumption and animal has been com-
promised [146]. One of the traditional approaches for analysis and monitoring of agricultural nutrients in natural systems is
defined as SFA (Substance Flow Analysis) which consists of an analysis of the total flow of a nutrient or a group of nutrients
through a given system during a given time [150]. Since SFA does not provide systematic quantification methods for nutrient
release on soils, it is expensive, time-consuming and oversimplified; an extended substance flow analysis (ESFA) may be
accomplished [151]. This methodology is based on six-steps: (i) system definition, (ii) model development, (iii) database
development, (vi) model validation, (v) results interpretation and (vi) uncertainty analysis [151]. Studies indicate that the
dominant contributor for surface water eutrophication and groundwater nitrate enrichment is the uncontrolled release of
agricultural nutrients, herbicides and pesticides on soils [152]. Thereby, the main aim of using coated fertilizer granules
and crosslinked chemically polysaccharide-based hydrogels in the controlled nutrient release on soils is the decreasing
the loss of nutrients by leaching and mitigating environmental problems [153,154].

For many years coated fertilizer granules have been studied for the controlled nutrient release on soils since optimal
uptake by plants and crops is always desired, decreasing the cost of production and minimizing the waste and environmental
problems [141,149,153,155–157]. The release profiles from coated granules are divided in three main steps: (i) initial stage
with no significant nutrient release, (ii) constant release from medium interval of times, and (iii) gradual decay of the release
rate from the longer release times [155,156]. Based on these three agricultural nutrient release profiles as a function of time,
an exact mathematical model based on Fick’s second diffusion law was developed to predict the release rate of polymer-
coated fertilizer using a numerical solution and Fourier series expansion [156]. The release time (t0) during the initial stage
was defined by Eq. (11):
t0 ¼ crl
3phDP

ð11Þ
where c is total granule porosity including also voids between the nutrient core and the membrane; ph is water permeability
of the membrane (in mm2 Pa�1 day�1); DP is the vapor pressure difference between water and saturated nutrient solution
(in Pa); and r is radius of diffusion (in mm) in the coated granule [156].

By considering that the nutrient release rate is almost zero in the initial stage, the percentage of released nutrient (gt) is
given by Eq. (12):
gt ¼
Q t

M0
¼ 0 for t 6 t0 ð12Þ
where Qt is the quantity of diffusion (in kg) up to time t.
The release profiles for the second and third stages are determined by the transient diffusion mechanisms which describe

either the accumulation or release rate of a solute into a specific phase, promoting the variation of concentration as a func-
tion of time. A mathematical representation for these profiles can be seen in Eq. (13):
CA ¼ f ðtÞ ¼ @CA

@t
ð13Þ
in which CA is the solute concentration; and t is the release time. Based on this approach, the release profiles in the second
and third stages are described by Eqs. (14) and (15), respectively:
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for t > Y ð15Þ
where Y is the time when all the solid nutrients are dissolved (in days); qs is the nutrient density (in kg m�3); D is the con-
stant diffusion coefficient; and Cs is the saturated concentration of nutrients (in kg m�3).

As the nutrient release from a controlled release granule will only occur after their saturation with water [158], it is
important to determine the saturation time that occurs in the initial stage of contact between water and granule containing
nutrients. A mathematical model coupled with computer simulation was appropriately developed for this purpose as
described elsewhere [153]. Other mathematical models for controlled nutrient release from polymer granules were
described and studied. For example, a simple model based on the mass transfer process [159], a model by considering single
granules [155], and other ones using molecular and ionic diffusions [157] are proposed.

3.5.1.2. Release profile from hydrogels. Most of the mathematical models developed for controlled nutrient release are focused
on the release from coated polymers in the granules form, as described elsewhere [153,155,157,159,160]. However, the
application of such models in the preparation of controlled-release fertilizers is not usual due to the difficulties for obtaining
certain parameters required by the mathematical equations and simple relationships between the release rate and the
apparent properties of carrier materials [161]. Nevertheless, nutrient carriers based on chemically crosslinked SH are easier
to prepare and their release is more reliable than coated polymers [161]. As the nutrient release from chemically crosslinked
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polymer networks is driven by the concentration gradient between the interior and exterior of the hydrogel, it responds
more precisely to the nutrient demands of the plant [161]. Besides being driven by concentration gradient, this type of
release is appropriately described by other three processes: (i) penetration of water by diffusion processes through porous
structures, (ii) controlled nutrient release by combination of diffusion process and/or convective flows [149,158,159], and
(iii) macromolecular chain relaxation during swelling and deswelling of polymer hydrogels [114]. These processes are com-
monly described by either Fickian or non-Fickian mathematical diffusion models as cited previously in the section for water
diffusion mechanism (Section 3.2.2). It is important to highlight that water absorption and nutrient release profiles are
affected by the polymer types and crosslinking density performed during the hydrogel synthesis, and also by the ionic
strength and pH of solutions [98,136,149,159].

Other mathematical model developed for nutrient release from hydrogels is based in the logistic growth which describes
the change of nutrient concentration as a function of the release time in given volumes of water/nutrient solution. In this
model, a damping coefficient related to the rate of mass transfer in the hydrogel was introduced to modify the instantaneous
release rate [161]. In static release experiments, the increase in the nutrient concentration (C(t)) as a function of the release
time (t) may be considered analogous to the logistic growth of a population in the environment with limited resource [162].
Based on this assumption, a mathematical model for the nutrient release profile is described by Eq. (16):
dC
dt
¼ kR 1� C

C1

� �
ð16Þ
where C1 is the equilibrium nutrient concentration, similar to the carrying capacity of the environment in logistic growth
model and kR is the release rate.

By considering that the nutrient release rates from hydrogels with time is a nonlinear relation, since the diffusion velocity
during the mass transfer inside polymer hydrogel matrix is slower than in water, the mathematical solution for determining
the nutrient release profile is presented in Eq. (17) [161].
CðtÞ ¼ C1 � C1e
�

kR0
C1 tð1�DR Þ

� �
ð17Þ
where C(t) is the nutrient concentration in a given time t, kR0 is the initial nutrient release rate from hydrogels which is
related to the primary concentration and to the temperature of the experimental system, and to DR (0 < DR < 1) that is the
damping coefficient which is related to the characteristic mass transfer in hydrogels. By plotting C(t) vs. t, the values of
kR0 and DR are determined. Although there are no many specific mathematical models in order to study the nutrient release
profile from hydrogels, the Fickian and non-Fickian logistic growth models are excellent alternatives to improve the synchro-
nism between the release and the requirements of plant uptake. In addition, they could help during preparation of con-
trolled-release nutrient hydrogels.

A diffusion-based mathematical model that considers drug release as a result of partitioning between the medium and
the hydrogel, with an introduced partition activity coefficient, was developed by Reis et al. [163]. The model provides an
important insight on affinity of the drug for its environment and can predict 100% of in vitro release. It shows two main lim-
itations: (i) applicability is restricted to short releases and (ii) does not consider erosion. Following such approach, different
researchers has been used this model that showed robustness for describing the whole release profile in different systems
[164–166].

The mathematical development was made taking into account the Fick’s second law using a simple one dimensional
model. In such a model the fraction of released solute, FR, is that given by Eq. (10). It is related to the distribution of the solute
into the 3D matrix and the external fluid defined as a parameter (or partition activity) that evaluates the partition phenom-
ena [163]. Once the partition exists, i.e. different solubility of solute between the 3D matrix hydrogel and the external fluid,
there will transport of solute into, through or from hydrogel. After a certain interval of time, a dynamic equilibrium in such a
transport will be achieved. After equilibrium has been reached, which is the stage at which the rate of release from hydrogel
is equal to the rate of solute absorption into it, the a parameter can be calculated and should be a constant value. In equi-
librium condition, the fraction of released solute acquires the maximum value, labeled as Fmax. The value of a can be calcu-
lated from the Fmax value through the Eq. (18) [163]
a ¼ Fmax

1� Fmax
ð18Þ
The value of a express the physical and chemical affinities of the solute for the hydrogel matrix and for the external fluid.
The diffusion of solute from hydrogel into external fluid occurs even that a > 0. Also, as higher the a value is higher is the
affinity of solute for the external fluid. Considering the solute release as a reversible process and applying pertinent math-
ematical arguments, [163] developed equations that described the release associated to first and second order kinetics, as
follows:

A fraction of released solute, FR, in a given release time t, related to the first order reversible kinetic can be calculated
through the following equation [163]
Fmax ln
Fmax

Fmax � FR

� �
¼ kRt ð19Þ
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that can be rearranged to
FR ¼ Fmaxð1� e�ðkR=FmaxÞtÞ ð20Þ
But, if the release occurs through a second order reversible kinetic, the following equation [163] can be used
a
2

ln
FR � 2FRFmax þ Fmax

Fmax � FR

� �
¼ kRt ð21Þ
that can be rearranged to
FR ¼
Fmaxðe2ðkR=aÞt � 1Þ

1� 2Fmax þ e2ðkR=aÞt
ð22Þ
The values of FR, in any release time, depend of kR and Fmax values and, according to Eq. (18), the last one is related to the
value of a. Once the value of Fmax (and the concomitant a), the value of kR can be determined by plotting the left hand of
Eqs. (19) and (21), taking into account the values of FR as a function of time [163].

3.5.1.3. Model for water transport from hydrogel–soil–plant. To determine the capacity of the SH to act as soil conditioner,
improving the amount of transported water to plant, the SH samples are submitted into an environment in which the dif-
ference in pressure between the soil and the root of vegetal is simulated. A way of doing this is to measure the water uptake
at different pressures. The hydrogels are added into a vessel with Richard membrane-covered walls. The water is withdrawn
from hydrogels by increasing the pressure of the vessel. The data of water content are obtained as a function of water reten-
tion (h) (given in kg water per kg hydrogel) under pressure (w) giving in hector Pascal (hPa). The experimental data are fitted
to van Genuchten’s equation [167], described by Eq. (23)
h ¼ f ðwÞ ¼ hr þ ðhs � hrÞ � ½1þ ðaþ wÞn
0
�
�m

ð23Þ
where h (in kg kg�1) refers the water retention curve defining the water content as a function of the pressure (w) (in hPa), hs

and hr are residual and saturated water contents, m is a fitting parameter, and a0 and n0 are curve shape parameters [167].

4. Applications of SH based on polysaccharides in agriculture

In spite there are a plenty of SH formulations developed in laboratory scale, only a fraction of them fulfills some important
environmental-friendly requests such as nontoxicity, biodegradability and others, thus, with potential to be effectively
applied in agriculture [168]. But, for economic reasons, only very few formulations effectively reached to the market as com-
mercial products. The review from Zohuriaan-Mehr et al. published in 2010 [169] gives very good information concerning
the commercial SH on agriculture (included the horticulture) and ornamental plants.

The use of SH as a soil conditioner for agriculture is a relatively old idea, dating back to 1966 [83]. However, the commer-
cialization of these materials only occurred in the early 1980s. They reached their peak of commercial success as disposable
diaper products [140,170], but it has been only at the end of that decade that technical information, such as structure and
property, actually came to be known. Although hundreds of patents have been deposited [83] the number of scientific papers
on SH is not very significant, as compared with the number of papers on ‘‘non-superabsorbent’’ hydrogels. This is due to a
great deal of interest in the commercialization of such materials. In the agriculture, for instance, SH can be used to preserve
the water in the soil and carriers for nutrients (plant and soil). Often, the SH in granular or particle forms are mixed with soil
at a 0.1% concentration [83].

Over the past few decades, several types of SH based on polysaccharides have been proposed for agriculture applications
[171–173], due to their excellent hydrophilic properties (high swelling capacity and high swelling rate), excellent biocom-
patibility and biodegradability. Due to the low cost, abundance, and eco-friendly properties, the polysaccharides are pointed
as substitutes of petroleum derivatives in the preparation of SH [174,175]. The high water absorption of these materials is
attributed to the interconnected superpore structures with diameters of several hundred microns, creating open channels
that allow for capillary action [176]. Additionally, when are added in the soil, SH reduces the irrigation water consumption
and improve the soil’s physical properties [173]. Accordingly, the SH act as water reservoir, releasing the water in a con-
trolled way to soil or directly to vegetal specimens. Another advantages related to use of SH in agriculture is to lower the
death rate of plants and increase output of crops in arid belts [177].

4.1. Application as soil conditioners

An attractive approach that has been more recently investigated involves the controlled release of nutrients from the fer-
tilizer-loaded hydrogel into crops. A large portion of the fertilizer applied to soil is lost by leaching, principally in highly por-
ous soils, chemical process, excess of rains and so on. A number of different polysaccharides, such as chitosan [178], pectin
[133], carboxymethyl cellulose [83] and so forth, has been used to prepare hydrogels as a fertilizer release system to nurture
the soil. To load the hydrogels with nutrients, two approaches are used: (i) post-loading (after the hydrogel processing); (ii)
in situ loading (during the hydrogel processing). The post-synthesis approach is performed by swelling the hydrogel together



Fig. 2. Curve of water retention h defining the water content as a function of the pressure W (hPa, hectoPascal), see Eq. (23) on hydrogel (15–50–35) being
this label representing the amount (in wt.%) of chemically modified Pec (M-Pec), acrylamide (AAm) and sodium acrylate (NaAAc) used in hydrogel
synthesis. Reprinted with permission from Ref. [133].
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with active substance, which diffuses into the polymer network by absorption (quantified through Eq. (5)). The efficiency of
such a strategy is related to physical–chemical affinity of the fertilizer for polymer chains forming hydrogel. The in situ
approach is preferred over post-loading one because of the greater loading efficiency [131]. The loaded material is dried prior
being added to crop. The release is activated by swelling during the soil irrigations, or even during the rains. The water
within the hydrogel dissolves the nutrient, which can diffuse through polymer network. The movement of solutes toward
the outside of the hydrogel can be related with swelling rate [179,180]. Not all load of the substance in the hydrogel is
released. As a result, a portion of loaded solute is preserved when the hydrogel dries in the intervals of irrigations or rains.
The release is again activated in the further watering processes, thus providing a prolonged release process that can prevent
the leaching. It is also possible to load two or more active substances onto hydrogel so that each one of them may have speci-
fic release kinetic. A way of doing this is to determine the release rate constants for each loaded substance.

Several authors have shown their contributions on application of hydrogel and SH as soil conditioners. For instance,
Agaba et al. [181] indicated that the moisture retention of specific soil due to SH is essential to plantation forest establish-
ment, and once the water influences the soil properties such as aeration, temperature and nutrient transport, water uptake
and transformation, which affects the plant growth. Demitri et al. [182] investigated the applicability of the cellulose-based
SH in three different formulations, crosslinked by carbodiimide, as a carrier vehicle for sustained and controlled release of
water and nutrients in arid and desert areas. According to the authors, the main advantage is that the hydrogels may control
the release of stored water as the soil dries, maintaining the soil humidity over relatively long time. Also, the presence of
hydrogel increases the soil porosity that provides a better oxygenation to the plant roots. Parvathy and Jyothi [183] studied
the effect of a SH based on saponified cassava starch-g-poly(acrylamide) on the physical–chemical and biological properties
of soil. They also investigated the effect of the same hydrogel on the growth parameters of chili (Capsicum annuum L.) in dif-
ferent irrigation intervals. The results showed that amount of moisture retained in the soil were dependent of the concen-
tration of superabsorbent matrices, what provides a better control of release of adsorbed water. They also indicated that
these SH are potential candidates to be applied as an alternative to combat of global climate change because they can
improve the soil properties, mainly in conditions of reduced moisture availability. Other authors investigated the applicabil-
ity of the polymers, common hydrogels and SH as strategies to improve the soil properties [184–201].

Hydrogels based on chemically modified pectin were used to release phosphate, potassium, and urea. Swellings were
measured in distilled water and saline solutions at different pressures [133]. Fig. 2 shows the curve obtained after treatment
of data according to Eq. (17), water retention (h) as a function of the pressure (w) for 0.05 g mL�1 hydrogel (15–50–35) being
this label representing the amount (in wt.%) of chemically modified Pec (M-Pec), acrylamide (AAm) and sodium acrylate
(NaAAc) used in hydrogel synthesis. The saturated moisture (hs) and residual moisture (hr) at 4,000 hPa were 0.567 and
0.333 kg kg�1, respectively (see Eq. (17)). According to the authors, the capability of hydrogel to conserve water residues
in a pressure range in which a variety of horticultural plants can absorb water makes the as-obtained hydrogel an attractive
material for soil conditioning [133].

4.2. Application as nutrient carriers

Controlled solute release on soils may be carried out from many types of chemically crosslinked hydrogels. Some exam-
ples include: (i) crosslinked poly(vinyl alcohol) hydrogel for release of herbicide paraquat, resulting in higher percentages of
compound released through use of lower concentrations for crosslinking during hydrogel synthesis [202]; (ii)
polyacrylamide hydrogels for controlled 2,4-dichlorophenoxyacetic acid release [203]; (iii) alginate-based hydrogels in
controlled NSO release [204]; (vi) crosslinked amide hydrogel as carrier for controlled urea release [205]; (v) controlled root
targeted release of fertilizer using an ionically crosslinked carboxymethyl-cellulose hydrogel matrix [142]; (vi) sodium
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carboxymethylcellulose/hydroxyethylcellulose hydrogel applied in slow-release of nitrogen fertilizer [135]; (vii) wheat
straw-g-poly(acrylic acid) superabsorbent composites for controlled urea release [206]; (viii) a series of hydrogels composed
of polyacrylamide, methylcellulose, and calcic montmorillonite for the controlled fertilizer release where the components
presented a synergistic effect, giving very high fertilizer loading in their structure [154]; (ix) crosslinked tragacanth gum/
acrylic acid hydrogel for utilization in controlled fertilizer release and enhancement of water-holding capacity of soil
[146]; and lastly but equally important, (x) carboxymethyl chitosan-g-poly(acrylic acid)/attapulgite superabsorbent com-
posite as carriers for agricultural nutrients [148].

Raafat et al. [138] studied a series of SH based on carboxymethylcellulose (CMC) and polyvinylpyrrolidone (PVP) cross-
linked with gamma irradiation with potential application in agriculture as soil conditioner and/or nutrient carriers. From
morphological studies, the authors observed that these hydrogels have highly interconnected porous network structure,
which facilitates the water diffusion process through the 3D matrix. Besides, this porosity decreases when the PVP content
in the feed solution increases. The hydrophilic properties indicated that the increase of CMC concentration up to 60 wt.% pro-
voked pronounced increase in the equilibrium swelling. This trend is related to the high hydrophilic character of CMC mole-
cules. Beyond this concentration, decrease in hydrophilic character was observed. According to authors, this behavior was
attributed to damaged network structure, which was not able to achieve high water sorption. Results of nutrient release con-
firmed that these SH are potential eco-friendly matrices for application as delivery vehicle for the controlled release of agro-
chemical nutrients.

Rashidzadeh and Olad [207] obtained a superabsorbent nanocomposite prepared via in-situ free radical polymerization
based upon a sodium alginate, acrylic acid, acrylamide, and montmorillonite clay using N,N0-methylene bisacrylamide and
ammonium persulfate as crosslinker agent and initiator, respectively. The authors investigated the influence of some param-
eters on spectroscopic, structural, morphological and water absorbency of these nanocomposites, as well as on NPK slow
release behavior. The results showed that the water absorbency was dependent of crosslinker-type, amount of clay, and
to the pH and concentration of salt on solution. They concluded that these matrices have excellent slow-release property
and good water retention capacity, indicating potential application in agricultural because reduced the loss of fertilizer
and improved the available water. In a review paper, Campos et al. [208] presented some polysaccharides-based con-
trolled-release formulations including hydrogel matrices. According to authors, the main advantages of polysaccharide over
synthetic polymers are their eco-friendly source, low-cost, easy availability, and biodegradability. Additionally, in the hydro-
gel case, their presence in soil improved the soil water-holding capacity.

The release kinetic can be changed by adding inorganic particles into hydrogel (so-called hydrogel composites). The par-
ticles, when sufficiently dispersed, cause tortuosity effect that disturbs the release of solutes. Such an effect provides longer
(tortuous) pathways that difficult the diffusion of the solute toward the outside hydrogels. The particles play a role as a retar-
dant factor for drug release [85]. As a result, the release is extended for longer times. In this direction, Bortolin et al. [154]
prepared SH hydrogels composed of PAAm, methylcellulose (MC), and calcic montmorillonite (MMt) with appropriate prop-
erties, after hydrolysis of AAm repeat units, for the controlled release of fertilizers. Material without MMt was used as control
to check the effect of such filler (at pH 4, 7 and 9) in urea releasing, as shown in Fig. 3. According to the authors, the presence
of mineral clay on hydrogels without the hydrolysis treatment, delayed the nutrient (e.g. urea) desorption in quite a signif-
icant way. However, an important factor was that, for the hydrolyzed hydrogels, desorption time and the amount of nutrient
desorbed increased significantly. So the tortuosity provoked by the presence of MMt is responsible for such effect.

In that wok, in addition, the profiles of urea release were modeled using Eqs. (6), (19) and (20). The authors concluded
that the model developed by Reis et al. [163] was robustness for predicting the solute release in neat and composite hydro-
gels for both kinetic orders (using first and second order release kinetics) showing good regression R2 values. Also, the a val-
ues permitted to evaluate the solute affinity by the nanocomposite hydrogel according to the pH medium. The authors
observed, however, for the hydrolyzed hydrogels (neat and nanocomposite ones), that the model was only adequately fitted
Fig. 3. Kinetic curves of the controlled desorption of urea in different pH values for the hydrolyzed hydrogels: (a) 4.0; (b) 7.0; and (c) 9.0. Used labels (x:y)
indicate the relative amount of PAAm + methyl cellulose (= x) and MMt (= y) used in the hydrogel preparation. Reprinted with permission from Ref.
[154].
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for first order release kinetic, which is an indicative of the easier water diffusion from nanocomposite structures to the
solution.

Other controlled release nutrients systems using SH as carrier vehicles applied in agriculture were reported in literature
[109,161,206,209–214].

5. Future trends and perspectives

Polysaccharides have been used as a substitute for (or combining to) synthetic moieties for producing hydrogels (ordinary
or superabsorbent) in very important technological applications, as environmental in waste-water treatment (e.g. as metal/
dye absorbers [215], hygienic (as feminine napkins [216], disposable diapers [217], etc.) and in agriculture (as soil condition-
ers and nutrient carriers) are good examples [218]. This is due mainly to the relatively low-cost, abundance, renewability,
and biodegradability, among others advantages for using polysaccharides. Also, important technologies have been developed
mostly in the last two decades for chemically modifying polysaccharides enabling to the preparation of hydrogel-based
polysaccharides. Some examples were given in this review, but a very large window in this issue remains opened [219].
As a trend for this field, some highlights can be given, among others:

(i) Preparation of hydrogels of low cost, that can show, at same time, superabsoption characteristics and good mechanical
properties. This remains as a challenge to be confronted, despite some works showing that the incorporation of nano-
fillers either from polysaccharides, such as nanowhiskers, nanfibrils, [15] or from inorganic sources, such as kaolin
[220], montmorillonite [221], and attapulgite [222], may improve the swelling ratio, the swelling rate and mechanical
properties [217].

(ii) Developing eco-friendly methods for chemically modifying polysaccharides allowing chemical crosslinking or provid-
ing permanent electrical charges in polymer backbone for physical hydrogel formation (through polyelectrolyte com-
plexation). The review from Prado and Matulewicz [223] is a very important updated reference in this issue.

(iii) Producing SH in nanoscale (nanogels) with very high water (or aqueous solution) uptake capability (e.g. thousands-
fold). Their properties can be improved by incorporating CNCs into formulations, prepared mainly by inverse mini
emulsion methods. In addition, technologies associated to nanoparticles may reduce the sensitivity of SH to saline
conditions.

(iv) Lowering the final cost production remains as a challenge [224] for applications of SH in agriculture, in a large scale.
Even the ecological requirements are filled (such as no toxicity to soil or plant), biodegradability and so on, the final
price will be an mandatory parameter for spreading more and more the use of SH as soil conditioner and/or nutrient
carriers.

Of course, more comprehensive studies will expand the understanding of structure–properties–applications relationship
in SH. This will, certainly, increase the importance of the class of soft materials.

6. Conclusions

This review attempted to update and discuss some important aspects of synthesis, characterization and application of SH,
mainly those based on polysaccharides, as soil conditioners and as carriers for nutrient release. Some methods for chemically
modifying polysaccharides were given and some directions for hydrogels preparation as well. Mechanisms associated to
water transport into the 3D matrix were discussed on the light of some mathematical models. The release of nutrients from
granules coated by hydrophilic polymer or from SH, targeting applications in agriculture, were also discussed based on often
used mathematical models and on alternative model based on diffusion-partition. Despite patents and papers announcing
novel SHs or SHs with new structures and properties appear almost every day in literature, future trends and perspectives
given at the final of review demonstrate that a large window of opportunities remains opened in this field. It was reinforced
that SH remain as very hot issue in materials science due to both intensive academic researches and technological applica-
tions. Of course, more comprehensive studies will expand the understanding of structure–properties–applications relation-
ship in SH, which will, certainly, increase even more the importance of the class of soft materials.
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