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ABSTRACT 

Background 

The use of superabsorbent materials in horticulture has spread recently. These 

materials, which can retain water and release it as crops need it, have great 

advantages such as the efficient use of water in periods of drought. However, 

these superabsorbent materials are made of synthetic polymers, which present 

problems of degradability and, sometimes, also toxicity. For this reason, the 

main objective of this work is the development of biodegradable superabsorbent 

bioplastic (SAB) matrices using as raw material a soy protein isolate (SPI). In 

addition, zinc is incorporated into these bioplastic matrices as an essential 

micronutrient for plants, to increase their added value.  

Results 

The incorporation of zinc chelated with 2,2’,2’’,2’’’-(Ethene-1,2-

diyldinitrilo)tetraacetic acid (Zn EDTA) (a salt with which the micronutrient is 

incorporated) into soy protein-based bioplastic matrices improve their 

superabsorbent capacity and provided a controlled release of water and 

nutrients to the crops. 

Conclusions 

The results show the high potential of these bioplastic matrices for their use in 

horticulture as superabsorbent materials that can release nutrients in a 

controlled manner. 
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1. Introduction 

In recent years, the effects of global warming have increased considerably due 

to human activity, mainly due to the increase in carbon dioxide emissions, which 

have boosted the greenhouse effect1. One of the main impacts of this warming 

is the change in the periods of rainfall. In this sense, periods of drought become 

more noticeable and extensive, whereas the periods of rainfall, although scarce, 

record a large amount of precipitated water, which produces floods and 

destruction2. These changes are notoriously detrimental to horticulture, since 

crops need a regular supply of water, increasing the use of irrigation in these 

crops, which makes them more expensive3. 

One of the solutions to this problem is the use of superabsorbent polymeric 

(SAP) matrices, which are buried into farmland4. These materials are capable of 

absorbing and retaining large amounts of water without disintegrating (from 10 

to 1000 times their weight)5, thus being able to retain rainwater and supplying it 

to plants, directly in the roots, during periods of drought, that is, optimizing the 

water cycle6. 

Nowadays, commercial SAP matrices already exist, which are added to the land 

in order to retain water and release it in a controlled way according to the needs 

of the crops (Creasorb from Evonik7 or Luquasorb from BASF8). However, these 

matrices do not have a good biodegradability, so they have to be removed from 

the field once they have acted in order to avoid toxicity problems. A possible 

alternative to these SAP matrices is the use of biodegradable superabsorbent 
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(bio)polymeric (SAB) matrices, which have a high biodegradability and no 

toxicity9. 

Among all the materials that can be used to elaborate SAB matrices, proteins 

have technological, economic and environmental advantages. On the one hand, 

there is a considerable potential to modulate their properties due to their great 

variability in amino acid composition, the wide range of potential formulations 

and the wide variety of applicable processing techniques10. In addition, they are 

the most underutilized and undervalued by-product in the agri-food industry, 

thus their use as SAB materials implies an increase in their added value11. 

Finally, they can pose an extra contribution of nutrients after their degradation 

due to their significant nitrogen content. All this makes protein-based SAB 

matrices have a great potential for their use in horticulture; however, this use is 

still limited by the lack of knowledge in the formulation and processing thereof. 

Another advantage that these protein-based SAB matrices could provide for 

their use in horticulture is the incorporation of micronutrients to crops in a 

controlled manner. In this sense, the micronutrients would be incorporated into 

the protein-based SAB matrices thought soluble salts already used in 

horticulture which could be released from the matrices due to their 

biodegradation and the release of water, thus being able to be captured by the 

plant. In this way, there would be an increase in the efficiency of incorporating 

micronutrients due to they would be incorporated in a controlled manner, 

avoiding the typical excesses of conventional fertilization, which causes the 
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contamination of soil and groundwater by excess nutrients12,13. One of the 

micronutrients that generate the most pollution problems is zinc. This is due to 

the great solubility of the salts used for the incorporation of this micronutrient14. 

In this sense, the incorporation of zinc into the protein-based SAB matrices, and 

its extrapolation to the other essential micronutrients, would pose an added 

value, increasing its interest while replacing the commercial SAP matrices. 

From all the different proteins studied in the literature for the elaboration of 

protein-based SAB matrices (based on pea15, egg albumen16, crayfish17, rice18, 

soy19, whey20), soy protein has proven to be the one with the best absorbent 

capacity, due to its high content of glutamic and aspartic acid, which gives it a 

good hydrophilic character21. Furthermore, its high lysine content allows the 

introduction of some carboxylic groups, improving, even more, its hydrophilic 

character 22.  

Among the fabrication methods, soy protein-based SAB matrices allow an 

adequate processing by injection molding, one of the most used techniques for 

the manufacture of synthetic plastics, which would facilitate its implementation 

on an industrial scale21,23,24. However, the incorporation of micronutrients 

generally hinders the processing of these matrices, as it results in a reduction in 

the strengthening potential of the matrix associated to the corresponding 

reduction in the protein content25. 

Therefore, the main objective of the present work is the development of suitable 

soy protein-based matrices with zinc chelated with 2,2’,2’’,2’’’-(Ethene-1,2-
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diyldinitrilo)tetraacetic acid (Zn EDTA), which is a salt that contains the essential 

micronutrient for plants. To achieve this objective, the mechanical and 

morphological properties of matrices with different concentrations of Zn EDTA 

incorporated throughout the processing stages (blends, bioplastic matrices and 

final matrices) as well as their water absorption capacity have been evaluated.  

2. Materials and methods 

2.1 Materials 

Soy protein isolate (SPI) with min. 910 g·kg-1 protein, 60 g·kg-1 moisture and 30 

g·kg-1 ash, which was supplied by Protein Technologies International (SUPRO 

500E, Belgium) has been used to obtain protein-based SAB matrices. In 

addition, glycerol (Gly), provided by Panreac Química Ltd. (Spain) has been 

used as plasticizer. Finally, zinc chelated with 2,2’,2’’,2’’’-(Ethene-1,2-

diyldinitrilo)tetraacetic acid (Zn EDTA) has been used as a salt that provides the 

selected micronutrient, which was supplied by Trade Corporation International 

S.A.U. (Spain). 

2.2 Preparation of soy protein-based matrices 

A generic two-stage procedure (Figure 1) was followed to obtain soy protein-

based matrices with Zn EDTA incorporated. The process consisted in an initial 

homogenization which was carried out with a two-blade counter-rotating mixer 

Polylab QC (ThermoHaake, Germany). The mixing was performed adiabatically 

for 10 min, at 50 rpm and at room temperature (25 ± 2 ºC) following the same 

protocol used in SPI/Gly blends previously studied24,26. A constant ratio (1:1) 

This article is protected by copyright. All rights reserved.



 

 
 

between SPI and Gly and different concentrations of Zn EDTA (50, 100 and 150 

g·kg-1) were used. The SPI/Gly blend without Zn EDTA was selected as 

reference (Ref.). During this mixing, both torque variation (M) and temperature 

evolution (ΔT = 100·(T-T0)/T0, where T is the temperature at time of 

measurement and T0 is the initial temperature) were studied. 

Consecutively, an injection molding of the blends was carried out in order to 

obtain rectangular bioplastic matrices (60x10x1 cm). Thus, the blends were 

introduced in a MiniJet Piston Molding System II (ThermoHaake, Germany) 

where they were injected through a nozzle into a previously heated mold. The 

parameters in this stage were selected based on the rheological 

characterization of the blends and previous studies carried out to optimize the 

water uptake capacity of SPI/Gly systems21: a cylinder and mold temperature of 

40 and 70 ºC, respectively, an  injection pressure of 500 bar (for 20 s) and a 

post-injection pressure of 200 bar (for 300 s). 

Finally, a dehydrothermal treatment (DHT) was carried out before performing 

the water uptake capacity tests according to the ASTM 180 D570 standard27. In 

addition, it was found that without this stage the bioplastics’ network is not 

strong enough and they disintegrated in the water. This treatment consisted of 

introducing the bioplastic matrices in a conventional oven at 50.0 ± 0.1 ºC for 24 

h. 

2.3 Characterization of the soy protein-based systems with Zn EDTA 
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A complete characterization of the systems was carried out in order to evaluate 

the suitability of the matrices as superabsorbent materials with incorporated 

micronutrients. Thus, the blends were evaluated to optimize their processing, as 

well as the bioplastic matrices before and after a severe treatment with water to 

study their properties. It is worth mentioning that the matrices after the severe 

treatment with water were dried by a freeze-drying process to obtain dry 

matrices that can be characterized. 

2.3.1 Thermomechanical tests of the blends. 

The homogenized blends were mechanically characterized by small amplitude 

oscillatory compression tests, using a mechanical dynamic analyzer RSA3 (TA 

Instruments, USA) with a plate-plate geometry of 8 mm in diameter. The 

purpose of these tests was to define the behavior of the blends with the 

temperature to select the optimal treatment in the subsequent injection molding. 

Thus, temperature ramp tests between 25 and 120 ºC were performed, at 1 Hz 

and a strain within the linear viscoelastic range (0.01%), where the elastic 

modulus (E’) and the loss tangent (tan δ = E’’/E’) were studied throughout the 

temperature range selected. 

2.3.2 Thermogravimetric analysis (TGA) 

The thermogravimetric analyses (TGA) were carried out using a 

thermogravimetric analyzer Q600 (TA Instrument Inc., USA) in order to study 

the thermomechanical stability of the different raw materials, a homogeneous 

blend of them and a matrix after water absorption. In these analyses, the 

This article is protected by copyright. All rights reserved.



 

 
 

samples were introduced into the equipment at a temperature of 25 ºC, and 

then they were raised to a temperature of 600 ºC at a speed of 10 ºC/min. 

During the test, the samples were kept in a nitrogen atmosphere, and their 

weight variation was measured. 

2.3.3 Tensile strength measurements 

The tensile tests were performed on a mechanical dynamic analyzer RSA3 (TA 

Instruments, USA) following a modified protocol of the ISO standard 527-

2:199328 with the purpose of evaluating the mechanical resistance of the 

different bioplastic matrices. Therefore, the bioplastic matrices were subjected 

to an increasing axial stress until breakage at a crosshead speed of 1 mm/min, 

studying the relationship between stress (σ) and strain (ε). In addition, the strain 

at break (εmax), maximum stress (σmax) and Young’s modulus of the different 

bioplastic matrices were evaluated. 

2.3.4 Water uptake capacity and soluble matter loss 

Water uptake capacity and soluble matter loss from the different bioplastic 

matrices were measured to determine whether the matrices with Zn EDTA 

incorporated have a superabsorbent character. To perform this measurements, 

a modification of the ASTM 180 D570 standard27 was followed, introducing the 

bioplastic matrices in a closed vessel with 300 mL of distilled water for 24 h. 

Then, the water uptake capacity was obtained following equation 1: 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑔 · 𝑘𝑔−1) = 𝑤2−𝑤3 (𝑔)
𝑤3 (𝑘𝑔)

           (1) 
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Where 𝑤2 is the weight of the matrix after the absorption stage and 𝑤3 is the 

weight of the matrix after the freeze-drying stage (-80 ºC and <15 Pa in a 

LyoQuest freeze-drying equipment (Telstar, Spain). This freeze-dried was 

chosen as the drying step because it allows maintaining the structure of the 

matrices after water absorption for a subsequent characterization thereof.  

Finally, soluble matter loss was calculated following equation 2: 

𝑆𝑜𝑙𝑢𝑏𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 𝑙𝑜𝑠𝑠 (𝑔 · 𝑘𝑔−1) = 𝑤1−𝑤3 (𝑔)
𝑤1 (𝑘𝑔)

               (2) 

Where 𝑤1 is the weight of the bioplastic matrices after the dehydrothermal 

stage. 

2.3.5 Scanning electron microscopy (SEM) 

SEM micrographs were made in order to compare the structures of the different 

bioplastic matrices before and after the water absorption and freeze-drying step, 

following the same protocol studied by Orawan et al.29. First, a palladium/gold 

sputtering was performed to improve the electrical conduction of the bioplastic 

matrices and enhance the quality of the micrographs. Finally, the bioplastic 

matrices were observed through a Zeiss EVO electronic microscope (USA) with 

an acceleration voltage of 10 kV. 

2.3.6 Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) 

Measurements of inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES) were made to the matrices with different zinc concentrations in an 

ICP SpectroBlue TI (Spectro, Germany). In this sense, it was possible to 
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evaluate the amount of zinc that was released from the matrix in the exiting 

water after absorption and the amount of zinc that remained in it.  

To carry out these measurements, the matrices were first subjected to a 

pretreatment, in which they were digested with acids (HNO3 and H2O2 in a 7:1 

ratio) obtaining a solution. Subsequently, the different solutions passed through 

a nebulizer to form a spray that was dragged with an argon stream towards a 

plasma torch. This torch that was at a temperature of around 6000 K, 

dissociating the spray into free atoms and ions that emit in characteristic 

wavelengths, which were measured to determine the concentration of each 

element. 

2.3.7 Mechanical measurements 

Mechanical measurements were made to determine the mechanical resistance 

of the matrices after the soluble matter loss, which was carried out in the water 

absorption, since when loss occurs there is more free volume in the matrices, 

thus their mechanical properties are expected to decrease. 

These measurements were made in compression mode using a mechanical 

dynamic analyzer RSA3 (TA Instruments) with a plate-plate geometry of 8 mm 

in diameter. Frequency sweep tests were performed between 0.02 and 20 Hz, 

at a strain within the linear viscoelastic range (0.01%) and room temperature 

(25 ± 2 ºC) to study the variation of the elastic (E’) and viscous (E’’) moduli with 

the frequency. 

2.4 Statistical analysis 
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At least three replicates of each measure were made. Statistical analyzes were 

carried out with t test and one-way analysis of variance (p <0.05). For this, 

PASW Statistics for Windows (Version 18: SPSS, Chicago, IL) was used. In 

addition, the standard deviation of the selected parameters was calculated. 

3. Results and discussion 

3.1 Preparation of soy protein-based matrices 

Figure 2 shows the parameters evaluated during the mixing of the blends with 

different percentages of Zn EDTA (50, 100 and 150 g·kg-1), using as reference 

the blend without Zn EDTA. Figure 2A shows the evolution of the torque (M) 

with the mixing time (t) of the different blends. All the systems followed the 

same evolution in M, where a maximum peak was first observed, attenuated to 

a value that remained constant during the mixing time. The incorporation of 50 

g·kg-1 Zn EDTA registered the lowest torque values compared to the systems 

produced with 100 or 150 g·kg-1 Zn EDTA content. However, the values 

obtained for these systems were lower than the torque values for the reference 

system (Ref.). This behavior may be due to the lower SPI and Gly concentration 

of the systems when Zn EDTA is incorporated. Zn EDTA can be attenuated by 

Gly in small percentages; however, by increasing its percentages, part of this 

acts as a filler material, making the blend more compact and therefore 

increasing its mixing torque again. 

On the other hand, Figure 2B shows the temperature evolution (ΔT = 100·(T-

T0)/T0) recorded during the mixing time (t). All the systems showed a growth of 
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ΔT with the mixing time, produced by the proper mixing since it was mixed 

adiabatically. As can be observed, the incorporation of Zn EDTA led to a 

slighter increase in ΔT, although once again, lower than the ΔT registered by 

the reference system. It is worth pointing out the system with 150 g·kg-1 Zn 

EDTA, which overcame the ΔT registered by the reference system after 6 

minutes of mixing, probably due to the greater amount of material that acts as 

filler, as already mentioned with the torque. 

The blends, once mixed, were mechanically characterized. Figure 3 shows the 

evolution of the elastic modulus (E’) and the loss tangent (tan δ) with the 

temperature applied in the compression tests. The most remarkable difference 

is the increase in the values of E’ with the incorporation of Zn EDTA into the 

system, possibly due to a restructuring produced between the protein and the 

salt. However, all the systems exhibited a similar behavior at the beginning, 

where a progressive decrease of E’ took place until reaching an inflection point, 

more or less pronounced depending on the blend, at a temperature close to 70 

ºC. This point, at which a maximum in tan δ was obtained, corresponds to the 

glass transition temperature of the blends, where the material is more 

processable and, consequently, a more effective injection molding of the blends 

could be achieved. After this point, two different behaviors can be assessed 

depending on the presence or absence of Zn EDTA on the blend. On the one 

hand, the blend without Zn EDTA continued with a progressive decrease in E’, 

whereas, on the other hand, blends containing Zn EDTA showed a rise of E’ up 
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to a maximum. This rise of E’ may be due to a strengthening of the matrix with 

the addition of Zn EDTA. This incorporation can form a metalloprotein, making 

the structure better. However, it did not affect the maximum found for tan δ, 

which made it possible to inject all the blends at the same temperature (70ºC), 

as previously described in the Experimental section. 

3.2 Characterization of soy protein-based bioplastic matrices with Zn EDTA 

3.2.1 Thermogravimetric analysis (TGA) 

Figure 4 shows the thermogravimetric analyses of the different raw materials 

(SPI, Gly, Zn EDTA), a homogenized blend of them and a matrix after water 

absorption. As can be observed in the TGA profiles, the protein isolate (SPI) 

has a first weight loss between 50 and 100 ºC, which is due to the evaporation 

of the water it contained. In addition, it has a more pronounced loss between 

200 and 450 ºC, which corresponds to the denaturation of the protein. As for 

Gly, it only presents a single weight loss between 200 and 280 ºC, which 

corresponds to the evaporation of glycerol. This profile suggests that, although 

glycerol is a very hygroscopic material, it does not present humidity. Similar 

data have been obtained in the literature 24. On the other hand, the Zn EDTA 

profile has several weight losses. The first losses were recorded between 50 

and 200 ºC, which may correspond to a breakdown in the complex formed 

between Zn and EDTA. Then, a more pronounced weight loss is observed at a 

temperature between 350-450 ºC due to the decomposition of part of the EDTA, 

which is reported in the literature 30. It should be noted that, among all the raw 
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materials used, only glycerol was totally lost at 600 ºC, leaving 28.7% of SPI 

and 54.9% of Zn EDTA. 

Regarding the homogeneous blends of the different components (450, 450 and 

100 g·kg-1 of SPI, Gly and Zn EDTA, respectively), different weight losses can 

be observed, corresponding to each of the raw materials. Thus, the SPI peak is 

between 200 and 450 ºC and the Gly peak between 200 and 280 ºC. As for the 

Zn EDTA, a first peak between 50 and 100 ºC is observed, which overlaps with 

the possible humidity of the sample, and another slightly pronounced peak 

between 350 and 400 ºC. The first peak observed at 50-100 ºC is the possible 

cause of the strengthening observed previously in thermomechanical tests. The 

release of water from the protein linked to the possible breakdown of the Zn 

EDTA complex would cause the structure to form new bonds (metalloprotein) 

reinforcing and obtaining an improvement of the elastic modulus (E’). 

Finally, in the profile of the matrix after the water treatment, the weight loss that 

corresponds to Gly does not appear, thus it is assumed that all Gly was 

released to the water due to its great hygroscopic character. Regarding the 

peaks corresponding to the SPI and Zn EDTA, these still appear, thus these 

materials are present after water absorption. 
3.2.2 Tensile strength measurements 

The results from tensile strength measurements of the bioplastic matrices with 

different percentages of incorporated Zn EDTA (50, 100 and 150 g·kg-1), as well 

as those without Zn EDTA for the reference (Ref.) can be observed in Figure 5. 
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Figure 5A shows the relationship between stress (σ) and strain (ε) in the 

different bioplastic matrices. All the bioplastic matrices had a first elastic zone, 

where the strain could be recovered over time. In this zone, a lineal relationship 

was maintained between strain and stress, thus making it possible to obtain the 

Young’s modulus of the different matrices. Then, a plastic area was recorded, 

which remained until the breakage of the bioplastic matrices. Once the elastic 

zone was overcome, the matrices did not recover their shape. The incorporation 

of 50 g·kg-1 Zn EDTA improved the maximum strain, without modifying the 

maximum stress reached. However, this improvement was not observed when 

higher percentages of Zn EDTA were incorporated. As previously mentioned, 

this fact is possibly due to the action of Zn EDTA as a filler in these bioplastic 

matrices, which did not cross over with the protein structure. In addition, it can 

hinder the crosslinking of the protein, which is also in smaller proportion, 

therefore the bioplastic matrices have worse mechanical properties in these 

cases. 

On the other hand, Figure 5B shows the parameters of strain at break (εmax), 

maximum stress (σmax) and Young’s modulus of the different bioplastic matrices 

studied without Zn EDTA (Ref.) and with different Zn EDTA concentrations (50, 

100 and 150 g·kg-1) to compare their mechanical properties. As can be 

observed σmax did not show significant differences between the reference 

bioplastic matrix (Ref.) and bioplastics with 50 g·kg-1Zn EDTA. However, 

matrices with higher Zn EDTA concentrations (100 and 150 g·kg-1) showed 

This article is protected by copyright. All rights reserved.



 

 
 

lower σmax values, which were more pronounced for the system with the highest 

Zn EDTA concentration. As for εmax, an increase was observed with the 

incorporation of 50 g·kg-1 Zn EDTA, which decreased significantly when 

incorporating larger amounts of Zn EDTA. Finally, the Young’s modulus did not 

present significant differences in the studied systems except, once again, for 

the bioplastic matrix that contains 50 g·kg-1 Zn EDTA that improved slightly. 

This behavior is consistent with the theory that in concentrations above 50 g·kg-

1Zn EDTA, there is a greater amount of filler material incorporated, leading to 

worse mechanical properties due to this extra material do not allow to form the 

protein network of the matrices. 

3.2.3 Water uptake capacity and soluble matter loss 

Figure 6 shows both the water uptake capacity and the soluble matter loss. The 

matrix without salt showed values slightly lower than the limit of the 

superabsorbent materials (10000 g·kg-1). However, the incorporation of Zn 

EDTA increased the water absorption capacity of the bioplastic matrices, which 

was more pronounced at higher percentages, being able to consider these 

materials as superabsorbents. Although, the bioplastic matrix with 150 g·kg-1 Zn 

EDTA, which had the best water uptake capacity, was not resistant out of the 

water, even breaking down, possibly due to its lower amount of protein, which 

may have caused the matrix to be less structured. Regarding soluble matter 

loss, there were no significant differences between the different systems, which 

concludes that Gly is lost in all systems due to its high hydrophilic character, as 
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previously confirmed with TGA (3.2.1). In addition, the protein/Zn EDTA loss 

increased when larger amounts of Zn EDTA were incorporated since these 

matrices had less Gly, although these systems reached practically the same 

soluble matter loss. This may be due to the lower strengthening of the matrices, 

as mentioned above. However, the protein/Zn EDTA ratio that was lost could 

not be estimated until ICP-AES analyzes were carried out. 

3.3 Characterization of soy protein-based matrices with Zn EDTA 

Once the bioplastic matrices were subjected to a water absorption step, 

followed by a freeze-drying stage, the morphological and mechanical properties 

of the final matrices were studied to analyze the possible variation that this 

stage confers to the matrices. 

3.3.1 Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) 

Table 1 shows both the amount of zinc in the bioplastic matrices before and 

after the absorption stage, with the latter being measured by ICP-AES. The 

amount of zinc remaining in the matrices after the absorption stage did not 

present significant differences between the matrices. Therefore, the zinc 

released in the water absorption stage was more pronounced as more Zn EDTA 

was incorporated into the initial bioplastic matrix. This fact may be due to the 

lower structuring of the matrix, as has already been mentioned, which caused 

the loss of a greater amount of protein and Zn EDTA, as already observed in 

the soluble matter loss measurements. 
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With respect to these results, it is expected that in all the matrices, most of the 

zinc would be released in a controlled manner with the water incorporated in the 

matrix, with this percentage being more pronounced in the matrix with higher Zn 

EDTA incorporated. Moreover, the small amount of Zn retained in the matrix 

would be released along with the other nutrients provided by the protein matrix 

(mainly nitrogen) during its biodegradation.  

3.3.2 Scanning electron microscopy (SEM) 

Figure 7 shows the micrographs taken from the different samples. The images 

of the bioplastic matrices (Figures 7A, 7C, 7E, 7G) show that the addition of Zn 

EDTA to the bioplastic matrices made their structure more homogeneous, with 

less pores in it. This could be due to the greater amount of solid material in the 

systems, with part of it acting as a filler material. On the other hand, the images 

captured from the matrices (Figures 7B, 7D, 7G, 7H) show how the passage 

through the stages of water absorption and freeze-drying made the matrices 

develop larger and more heterogeneous pores, which is more evident at the 

higher concentrations of Zn EDTA. This behavior could be due to the greater 

soluble matter loss there was as more salt (filler material) was incorporated into 

the matrix, which was anticipated in previous tests. 

In this sense, the filler material made the structure develop fewer holes in the 

bioplastic matrices. However, most of this material was lost in the water 

absorption stage, due to the lower structuring of the protein matrix, making the 

matrices with greater concentrations of Zn EDTA, present more holes (free 
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volume) after absorption. Thus, the matrix obtained after incorporating 50 g·kg-1 

of Zn EDTA is the one with the lowest free volume and the most heterogeneous 

pores. This could explain the improvement of the mechanical properties of the 

bioplastic matrices when 50 g·kg-1 of Zn EDTA was incorporated, since they 

have a defined, consolidated and reinforced structure. Furthermore, these 

matrices possibly have better mechanical properties after absorption. 

3.3.3 Mechanical measurements 

The mechanical properties of the matrices after absorption can be seen in 

Figure 8. This figure shows the evolution of the elastic (E’) and viscous (E’’) 

moduli in the frequency range studied for the matrices with different 

percentages of Zn EDTA (50, 100 and 150 g·kg-1) incorporated, using the 

matrix without Zn EDTA as reference (Ref.). 

As can be observed, E’ remained above E’’ for all the frequency range studied. 

Moreover, E’ had a slight dependence on frequency. Thus, all the matrices 

showed a basically elastic character. In fact, stronger matrices (higher E’ 

values) were obtained when Zn EDTA was incorporated. In addition, E’’ 

presented greater variations, possibly due to the low stability of the matrices 

after water absorption. Once again, matrices with Zn EDTA incorporated also 

had higher E’’ values than the reference system. 

4. Conclusions 
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Superabsorbent soy protein-based matrices have been developed, showing a 

great potential for their use in horticulture. In addition, essential micronutrients 

for crops (zinc) can be incorporated in them. 

The addition of zinc chelated with 2,2’,2’’,2’’’-(Ethene-1,2-diyldinitrilo)tetraacetic 

acid (Zn EDTA) to the matrices improved their superabsorbent capacity and 

their mechanical properties up to a concentration of 50 g·kg-1 Zn EDTA. In 

addition, the microstructure of bioplastic matrices with Zn EDTA incorporated is 

more homogeneous due to their greater amount of filler material. However, after 

introducing them into the water absorption stage, these matrices present a 

greater free volume due to a greater soluble matter loss. 

Zinc is mostly released with water when the latter leaves the matrix in a 

controlled manner. However, a small amount is retained in the matrix, to be 

releasedit during its biodegradation. Thus, there is a first faster release of zinc, 

when water is incorporated into the crop and a slower second release of zinc 

along with the rest of the nutrients of the protein matrix conditioned by its 

biodegradability. This release profile can benefit the crops, since most of the 

zinc is needed in the growth stage, which occurs in the first days, and a lower 

quantity is required during maturation. 

Further studies will be needed required in the future to analyze the release and 

plan assimilation of water and zinc in normal horticultural conditions. 
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Figure Captions
Figure 1: Different stages in the preparation of SAB protein-based matrices. Raw 
materials: soy protein isolate (SPI), glyerol (Gly) and Zn EDTA. DHT: 
dehydrothermal treatment.

Figure 2: Evolution of (A) mixing torque and (B) percentage ratio of increase in 
temperatura over mixing time process for soy protein isolate/glycerol/Zn EDTA 
blends at different zinc EDTA content (Ref., 50, 100 and 150 g·kg-1).

Figure 3: Dynamic mechanical thermal analysis results: Elastic modulus (E’) and 
loss tangent (tan (δ)) for soy protein isolate/glycerol/Zn EDTA blends at different 
Zn EDTA content (Ref., 50, 100 and 150 g·kg-1).

Figure 4: Thermalgravimetric analysis tests for raw materials (SPI, Gly and Zn 
EDTA), a homogeneous blend of them (450, 450 and 100 g·kg-1 of SPI, Gly and 
Zn EDTA respectively) and a matrix after water absorption test (A) and their 
corresponding derivative signals (B).

Figure 5: Tensile strength measurements for soy protein isolate/glycerol/Zn 
EDTA bioplastics at different Zn EDTA contents (Ref., 50, 100 and 150 g·kg-1): 
(A) Stress-strain curves and (B) Parameters: maximum stress (σmax), strain in the 
roture (εmax) and Young’s Modulus. Columns with different letters are significantly 
different (p ≤0.05).

Figure 6: Water uptake capacity and soluble matter loss for soy protein 
isolate/glycerol/Zn EDTA matrices at different Zn EDTA contents (Ref., 50, 100 
and 150 g·kg-1). Columns with different letters are significantly different (p ≤0.05).

Figure 7: Scanning Electron Microscopy (SEM) micrographs of bioplastic 
matrices and matrices with different concentration of Zn EDTA (50, 100 and 150 
g·kg-1). The matrix without salt is used as reference (Ref.).

Figure 8: Dynamic frequency sweep tests for soy protein isolate/glycerol/Zn 
EDTA matrices with diffetent Zn EDTA percentages (Ref., 50, 100 and 150 g·kg-

1).
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Figure 1: Different stages in the preparation of SAB protein-based matrices. Raw materials: soy protein 
isolate (SPI), glyerol (Gly) and Zn EDTA. DHT: dehydrothermal treatment. 
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Figure 2: Evolution of (A) mixing torque and (B) percentage ratio of increase in temperatura over mixing 
time process for soy protein isolate/glycerol/Zn EDTA blends at different zinc EDTA content (Ref., 50, 100 

and 150 g·kg-1). 
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Figure 3: Dynamic mechanical thermal analysis results: Elastic modulus (E’) and loss tangent (tan (δ)) for 
soy protein isolate/glycerol/Zn EDTA blends at different Zn EDTA content (Ref., 50, 100 and 150 g·kg-1). 
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Figure 4: Thermalgravimetric analysis tests for raw materials (SPI, Gly and Zn EDTA), a homogeneous blend 
of them (450, 450 and 100 g·kg-1 of SPI, Gly and Zn EDTA respectively) and a matrix after water 

absorption test (A) and their corresponding derivative signals (B). 
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Figure 5: Tensile strength measurements for soy protein isolate/glycerol/Zn EDTA bioplastics at different Zn 
EDTA contents (Ref., 50, 100 and 150 g·kg-1): (A) Stress-strain curves and (B) Parameters: maximum 

stress (σmax), strain in the roture (εmax) and Young’s Modulus. Columns with different letters are 
significantly different (p ≤0.05). 
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Figure 6: Water uptake capacity and soluble matter loss for soy protein isolate/glycerol/Zn EDTA matrices at 
different Zn EDTA contents (Ref., 50, 100 and 150 g·kg-1). Columns with different letters are significantly 

different (p ≤0.05). 
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Figure 7: Scanning Electron Microscopy (SEM) micrographs of bioplastic matrices and matrices with different 
concentration of Zn EDTA (50, 100 and 150 g·kg-1). The matrix without salt is used as reference (Ref.). 
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Figure 8: Dynamic frequency sweep tests for soy protein isolate/glycerol/Zn EDTA matrices with diffetent Zn 
EDTA percentages (Ref., 50, 100 and 150 g·kg-1). 
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Tables
Table 1: Amount (g·kg-1) of zinc (Zn2+) in the final matrix determined by ICP-AES 
measurements. Columns with different letters are significantly different (p ≤0.05).

g·kg-1 Zn EDTA 
incorporated in 

the blends

g·kg-1 Zn2+ in 
bioplastic 
matrices

g·kg-1 Zn2+ in 
matrices

Ref. - -

50 9.14a 0.87 ± 0.30b

100 18.28c 0.88 ± 0.66b

150 27.42d 0.88 ± 0.24b
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