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Introduction
The environmental concern due to the scarcity of fossil resources and 

the high pollution index caused by non-biodegradable materials, linked 
to the concept of sustainability, has directed researchers to focus their 
research on the development of renewable and ecologically materials. In 
this sense, the polymeric materials have gained great space in the dif-
ferent technological sectors, because it is chemically inert and have in 
their structure highly reactive groups that allow the modification of their 
properties, increasing their application.1-3

The use of polymers has revolutionized the market sectors by in-
creasing agricultural productivity, food technology, medical treatments, 
aircraft performance and reducing fuel consumption through vehicles 
made of lighter materials.4 Even with this revolution, these polymers 
are mostly derived from fossil sources (petroleum), so efforts are being 
made to replace by natural polymers.

Natural polymers are macromolecules obtained from the extraction 
of plants, animals and natural waste such as peelings, fruit marc, and 
stems. It is considered renewable materials in which proteins such as 
collagen, gelatin, hyaluronic acid, silk and zein, and polysaccharides 
such as starch, sodium alginate, cellulose, chitosan; terpenes in the case 
of natural rubber and lipids.4,5

The technological properties of natural polymers are numerous, al-
lowing its application in many areas. Among these properties are bio-
compatibility, biodegradability, atoxicity, low cost, renewability, and 
availability. From these properties, there are already advances in the area 
of technology and food packaging,6 in biomedical through the drug 
controlled delivery7 and bone regeneration,8 in agriculture in soil water 
retention and agrochemicals controlled delivery9, and also in construc-
tion as natural soil stabilizer.4

One of the materials prepared from natural polymers that improved 

the applicability in the biomedicine and agriculture fields are the hydro-
gels. These classes of materials are characterized by absorbing a high 
amount of water into the interior by having three-dimensional networks, 
and which are formed by the crosslinking process.10-12 They can be pre-
pared from a combination of various synthetic or natural materials and 
polymers, such as sodium alginate and starch.

Sodium alginate (SA) is a polysaccharide with a high capacity to form 
hydrogels when immersed in a solution containing di or trivalent ions. It 
is chemically structured by glycosidic units known as blocks. M and G 
blocks consist of molecules of β-D-mannuronic acid and α-L-guluronic 
acid, respectively, which are linked by α (1, 4) glycosidic bonds.10,13

Starch is also characterized as an interesting polysaccharide, mainly 
due to its availability and hydrophilic characteristics. Structurally consists 
of repetitive units of glucose in different conformations, being amylose 
and amylopectin. Amylose is a short-chain linear polymer in which the 
units of α-D-glucopyranose are connected from α 1→4 glycosidic bond 
and is identified as the unbranched, hydrophobic part of starch. Like 
amylose, amylopectin is a long-chain polymer with repetitive units of 
α-D-glucopyranose linked to each other by α 1→4 glycosidic bond, but 
the effective α 1→6 bonds between the amylopectin molecules confer 
high ramifications, which differ one substance from another.14,15

Despite all these interesting properties, hydrogels, films or any 
other material based on natural polymers have precarious mechanical 
properties, which can limit their application in some areas.16,17 Thus, 
researchers are investigating the effect of the incorporation of fillers in 
the polymeric matrices. Among the different reinforcement agents used, 
clay and zeolite aluminosilicates stand out because they are also natu-
ral and mainly non-toxic. Besides the mechanical reinforcement, the-
se materials increase the absorption capacity of the hydrogels and can 
control the release of actives.18,19

Abstract: Hydrogels based on natural polymers have been applied in different sectors due to their biocompatibility, biodegradability, 
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Therefore, the objective of this work was to develop hydrogels from 
natural alginate and starch polymers incorporated with inorganic nanos-
tructures and to investigate the effect of the crosslinker and the zeolite 
and/or nanoclay on the paraquat herbicide adsorption and in vitro rele-
ase behaviors.

Material And Methods
Materials
Corn starch – A4001 (Amidex® 4001 MW = 324,000 g/mol) and sodium 

alginate (SA) (MV = 85,000 g/mol; M / G ratio = 2.1) were obtained from 
Ingredion and Cromoline (Química Fina), respectively. Pure anhydrous 
calcium chloride (CaCl2), manganese chloride (MnCl2) and anhydrous zinc 
chloride (ZnCl2) were acquired from Vetec (Química Fina, MM: 110.99 g/
mol), Synth (MM: 197.90 g/mol) and Neon (MM: 136.30 g/mol), respec-
tively. The nanostructures used were the zeolite - Clinoptilolite ZK406 H 
(St. Cloud Zeolite) and the nanoclay - Cloisite-Na+ (Southern Clay Prod-
ucts®). All reagents were used as received without any purification.

Preparations of solution
The concentration of the polysaccharides was optimized in our pre-

vious study10 and the final concentration for sodium alginate, and starch 
was 1 and 2% w/v, respectively. Firstly, the starch was initially dissolved 
in distilled water under magnetic stirring at 70 °C. Then, SA powder was 
solubilized into the starch solution using mechanical stirring for 4 h. After, 
the final solution was stored in the refrigerator to inhibit microbial growth.

The solutions of the crosslinker agents (MnCl2, ZnCl2 or CaCl2) were 
obtained in the concentrations of 1% w/v. For this, each crosslinker agent 
was dissolved separately in distilled water under magnetic stirring at 
25 °C.

Preparation of hydrogels
The sodium alginate/starch, alginate/starch/nanoclay or alginate/

starch/zeolite solution was separately placed in an 8 cm2 mold and im-
mersed in a recipient containing the crosslinker solution during 24 h. 
Then, the prepared hydrogel or their nanocomposite was removed from 
mold and added in a recipient containing distilled water for dialysis for 
24 h. Finally, the hydrogels were 40 °C oven-dried for 24 h and charac-
terized.

Characterizations
Paraquat (PQ) adsorption in aqueous solution
The herbicide adsorption behavior was analyzed by inserting a cer-

tain mass of previously dried hydrogel (w) in an herbicide solution of 
known concentrations (C0 ).

The herbicide concentrations in the solution were determined by us-
ing UV-Vis spectrophotometer at λ = 257 nm and based on the calibra-
tion curve. The herbicide amount absorbed (qt) was determined using 
Equation 1:

                                                 
Eq. 1

where Ct is the herbicide concentration at time “t” and V is the paraquat 
solution volume.

In vitro assays herbicide release
The PQ release behavior was studied at pH 7.4 buffer solution (200 

mL of KH2PO4 8 g/L solution + 800 mL of K2HPO4 9.5 g/L solution). 
The hydrogel loaded with paraquat was immersed into 20 mL of buffer 
solution. The kinetic of the PQ amount released was investigated by 
monitoring the variation of absorbance peak at λ = 257 nm, using the 
same methodology described above. The quantity of paraquat release 
percentage was determined from Equation 2:

                              Eq. 2

where Mt is the herbicide amount released by the hydrogel at time “t” 

and M∞ is the total herbicide amount loaded by the hydrogel.

Statistical analysis
Statistical analysis was performed using a SISVAR software (version 

5.7) by using the Tukey´s tests at 95 % confidence level.

Results and Discussion
Adsorption of paraquat herbicide
Starch-alginate composite hydrogels
From Figure 1, it was possible to see that the all composite hydro-

gels, crosslinked with different ions, have good adsorption capacity. 
This great affinity is mainly related to the presence of polar groups in the 
polymeric backbone.

As the hydrogel is constituted of an anionic polysaccharide (SA), and 
paraquat presents cationic characteristics, the adsorption can occur 
through electrostatic interactions. This interaction occurs mainly be-
tween the –COO– groups and the H3C – N+ linked to the 2 pyridinic rings 
of the paraquat molecule (Figure 2).

Additionally, the presence of –OH groups in the chemical structure 
of both alginate and starch polysaccharides also favored the pesticide 
adsorption, as well as the hydrophobic interactions.20,21 The sp2 hybrid-
ization of the pyridinic ring becomes the structure with weakly polar 
characteristics whereas this hybridized form is more electronegative than 
sp3 hybridization, also present in the pesticide structure. This factor also 
improved paraquat absorption.

It is noted that the hydrogels presented the same absorption equilib-
rium time (approximately 10 hours of study), independently of the cross-
linker agent. Additionally, the hydrogels crosslinked with Mn2+ absorbed 
more than those crosslinked with Zn2+ or Ca2+. This tendency is probably 
related to both factors: ion size and quantity of free –COO– groups. It 
is known that the electrostatic interactions between the crosslinker ions 
and –COO– groups are non-directional. As the Mn2+ ions are the small-
est concerning to the others, their interaction with –COO– groups is less 
effective, consequently, there is a greater amount of –COO– free to in-
teract with paraquat (Figure 2).

On the other hand, the increase in ion size promotes a more effective 
electrostatic interaction because the species are closer, and the –COO– 
groups are no longer free to interact with the herbicide, since they are 
attracted by the ions to form the three-dimensional networks.22 Because 
it is size, there are more effective repulsive interactions between the Ca2+ 
ions and the cationic regions of paraquat, decreasing their adsorption.

Another interesting factor to be highlighted is the low effectiveness 
in the interaction of the Mn2+ and –COO–, making the chain more flexible 
(high expansion degree by relaxation process). This factor guarantee a 
sorption of greater amount of paraquat in its structure.

𝑞𝑞𝑡𝑡 = [(𝐶𝐶0 − 𝐶𝐶𝑡𝑡)]x V
w

Paraquat released (%)  =  (Mt / M∞) x 100
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Adsorption behavior of nanocomposite hydrogels
From Figure 3, it was possible to confirm that the incorporation of the 

nanostructures significantly improves the pesticide adsorption capacity 
of the matrices.

In the nanocomposites, the polar characteristic of their structures is 
increased because the aluminosilicates (nanoclay or zeolite) have atoms 
with different electronegativity in its chemical structures. This difference 
in electronegativity creates permanent dipoles in the molecule, which are 
responsible for the Coulombic interaction with the paraquat molecules 
(H3C – N+).23,24 A simple model representing theses specific interactions 
between nanostructure-pesticide is represented in Figure 4.  
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Figure 1 - Adsorption profiles of composite hydrogels. (a) paraquat concentration in the study solution, and (b) paraquat amount adsorbed in mg/g 
hydrogel.

Figure 2 - Representative model of the interactions between the hydrogel matrix and the paraquat molecules.

For zeolite-hydrogel nanocomposites, an important fact to be high-
lighted is that paraquat molecules may not have diffused between the 
channels of the zeolite structure because their molecules have dimen-
sions of approximately 15 Å and the zeolite pores channels have sizes 
around 4 Å.21,25

It is not observed a very significant effect on the adsorption capacity 
of nanocomposite hydrogels caused by crosslinker type. This no varia-
tion is possibly being masked by the addition of nanostructures, show-
ing a competitive interaction sites, i.e., polymeric chains-paraquat and 
zeolite/nanoclay-paraquat.
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Figure 3 - Adsorption kinetic behaviors: Paraquat concentration in the solution for hydrogels incorporated with (a) nanoclay and (b) zeolite, and (c) 
paraquat concentration adsorbed at equilibrium for composite and nanocomposite hydrogels. Different letters and numbers indicates significant 
difference at P < 0.05 in the different crosslinkers and different concentration, respectively. All experiments were done in triplicate (n = 3).
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(a)

(b)

Figure 4 - Proposed model representing the electrostatic interactions between paraquat and nanostructures (a) nanoclay and (b) zeolite.
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Desorption of paraquat herbicide
Composite hydrogels release behavior
As observed in the Figure 5, the composite hydrogels reached 

equilibrium around 8 hours in which there was total release of the 
paraquat adsorbed. We believe that the amount above 100% is 
due to the paraquat amount that was adsorbed on the surface of the 
hydrogel not quantified in the removal process from the solution.

The active controlled release process from polymeric structure can 
occur by different ways depending on the bond type formed between these 
species. Thus, if they are joined by primary bonds, i.e., covalent or ionic 
bond, this active release must occur, mainly, by disintegration/erosion 
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of the polymeric structure. Already when joined by physical interactions, 
the release occurs mainly by diffusion process, being closely influenced 
by the swelling capacity of the hydrogel as well as the pore sizes.26-28

It was highlighted in our previous study10 that in the swelling process 
the chains of composite hydrogels crosslinked with Mn2+ expands to a 
higher degree, due to the less effective interactions between these ions 
and the –COO– groups. Besides, the pore size of these supracitated 
hydrogels is probably larger than the hydrogels crosslinked with other 
ions, which facilitated the herbicide diffusion. The good solubility of 
paraquat in water also facilitated their diffusion to desorption medium 
(buffer solution at pH 7.4).

Figure 5 - Paraquat amount released in percentage from starch/sodium alginate hydrogels crosslinked with different ions.

Nanocomposite hydrogels release behavior
Regarding to nanocomposite hydrogels containing nanoclay and 

loaded with paraquat, no significant pesticide release was observed 
(Figure 6). It is believed that the low amount released may be related to 
the strong intermolecular interactions between the negative surface of the 
nanoclay platelets and paraquat. Furthermore, as previously reported, 
the paraquat molecules diffusion from hydrogels is mainly governed by 
the swelling process, which for these hydrogels is attenuated. This effect 
is related to the fact of the nanoclay acts as a physical crosslinker in the 

polymeric matrix, reducing their expansion capacity and making it more 
difficult for herbicide release.10

For the nanocomposites prepared from hidrogel and zeolite, it was 
observed a good release capacity (Figure 7). The better pesticide de-
sorption behavior presented by hydrogels containing zeolite over nano-
clay-hydrogel nanocomposites is probably related to the fact of the 
paraquat no penetrated into zeolite channels, since its molecules are 
larger than the zeolitic pores. 

Figure 6 - Paraquat amount released in percentage from starch/sodium alginate hydrogels containing 2% nanoclay and crosslinked with different 
ions.
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Conclusion
The composite and nanocomposite hydrogels based on alginate 

and starch natural polymers were successfully obtained by ionotrop-
ic gelation using three different crosslinkers. The different sizes of the 
crosslinkers altered the interaction between pesticide-matrix, reflecting 
in different profiles of adsorption and desorption pesticide. The addition 
of nanostructures also increased the hydrogel adsorption capacity. In 
relation of nanostructures, the presence of zeolite considerably reduced 
the paraquat amount released. On the other hand, interactions between 
paraquat and nanoclay were so effective preventing the release of herbi-
cide. The results of this study show that hydrogels can be prepared with 
different crosslinkers and nanostructures and thus having desired sorp-
tion and desorption properties. In this way, hydrogels and their nano-
composites can be used in controlled release systems, not only in the 
paraquat release, but also in the drug release, since the natural polymers 
used are also biocompatible and biodegradable.
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The increase in zeolite concentration decreased the amount of 
paraquat released (Figure 7d) due to the increase in the quantity of po-
lar regions that are probably interacting with the paraquat molecules. 
Additionally, based on the swelling results of the previous study10, both 
zeolite and nanoclay is acting as a physical crosslinker, what decreased 

the polymeric relaxation during the swelling process, reducing the 
amount of paraquat released from nanocomposites. Finally, the type of 
the crosslinker influenced the velocity of the pesticide desorption. For 
instance, the time for release of 20 % of paraquat (Figure 7d) were 1.0 h; 
3.3 h, and 5.2 h for Mn2+, Ca2+ and Zn2+, respectively.
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