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Abstract: Controlled release systems are increasing their presence on the market. However, their use
is not generating a great impact on horticultural production, mainly due to their price, which makes
crop production more expensive. This work proposes a cheaper alternative for the manufacture of
these devices. Thus, an agri-food byproduct (soy protein isolate) and a thermomechanical processing
were used to create devices (matrices) that can compete in price with the use of conventional
fertilizers (0.50–2.00 €/kg). First, different processing methods were evaluated to obtain the matrix
with the most optimal mechanical, functional (zinc and water retention/release, biodegradability)
and morphological (zinc distribution) properties for the supply of zinc (micronutrient). This was
achieved by incorporating an ethanol immersion step into the processing to remove the plasticizer
before its use in horticulture. Finally, the efficiency of these matrices was verified in crops (lettuce
and peppers), improving up to 60% the assimilation of zinc by plants that conventional fertilization
achieves. In addition, these matrices allow a 33% reduction in the water used during cultivation.
This work has opened a new possibility of creating more efficient devices for the incorporation of
fertilizers into crops, also having an affordable price for industrial use.

Keywords: controlled release; matrices; micronutrient; zinc; crop studies

1. Introduction

Nowadays, horticulture is a crucial sector, as it can provide products that contribute to
a healthier lifestyle. This has led its production to increase by 22.9% in the last 10 years [1].
Unfortunately, such an increase involves the overexploitation of the farmland [2]. Soils
have been excessively degraded, since they do not have enough time between each harvest
to regenerate their nutrients. This is due to the fact that the cultivation soil is limited,
so they are used for different crops in intensive horticulture, sowing seeds when the
previous harvest is recollected, without leaving enough time for the soil to breathe [3].
This fact, together with the low short-term efficiency of other solutions (i.e., fallow or
conservation tillage), has led to excessive use of fertilizers [4]. Fertilizers are any organic
or inorganic substance which, incorporated into the soil, provides the necessary nutrients
for the development of crops [5]. Their advantages include their speed to counteract the
deficiencies of the farmland and their low cost [6]. However, they also may generate serious
problems. The most serious problem is their filtration to the subsoil and groundwater,
which contaminate them with an excess of nitrates and phosphates, being dangerous for
the environment and humans. This filtration is due to the low assimilation of fertilizers
by plants, which only captures a small part of the fertilizers incorporated in the soil.
In addition, this low assimilation generates that more quantity of fertilizers must be
incorporated into the soil during the crop growth, which results in a higher production
cost [7].

Within this sector, Andalusia (southern region of Spain) has 41.3% of its surface occu-
pied by farmland, which is equivalent to 4,591,460 ha, with a production of 9,300,363 tons
in 2018, generating 9.18% of Andalusian employment. This is due to its climate, ideal for
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cultivation throughout the year. Besides, 62% of the products grown in this territory have
quality certification [8]. It has become the main exporter of the European community, being
among the top 10 in the world [9]. Furthermore, 4,305,253 tons of fruit and vegetables
were exported in 2018, which is equivalent to 5385 million euros. Its main products are
peppers, tomatoes, cucumbers, squashes and strawberries, with Germany, France, Italy and
United Kingdom being their main buyers [10]. Andalusian farmland is clayey with ancient
limestone materials, and it is usually deficient in micronutrients such as manganese, iron,
copper and zinc, with the scarcity of the latter being the most problematic of all [11]. Zinc
is the element that activates the enzymes responsible for the synthesis of certain proteins,
being also important in the formation of chlorophyll and some carbohydrates, as well as in
the conversion of starches to sugar. In addition, its presence in the foliar tissue is essential
in the formation of auxins, which contribute to the regulation of the development and
elongation of the stem [12]. Its deficiency can decrease the production of the crop by over
50%, thus it is vital to detect it in time and counteract it, for which zinc sulfate is normally
used [13].

The deficiency of nutrients and the high consumption of fertilizers have generated
a new research field focused on the study of more effective fertilization methods [14–16].
These investigations do not only focus on reducing the number of fertilizers used but also
search for competitive fertilization techniques that do not make the final product more
expensive, which is still a challenge. Among them, the use of controlled release systems is
gaining special interest, since they allow adjusting the supply of nutrients to the needs of
the crops, thus improving efficiency and reducing contamination [17,18]. In this context,
Merino et al. (2019) [19] used corn starch films to incorporate sodium to crops. Mesias et al.
(2019) [20] and Kartini et al. [21] incorporated NPK (nitrogen, phosphorus and potassium)
fertilizers in chitosan/alginate capsules and carboxymethyl cellulose bioplastics, respec-
tively. However, the raw materials and techniques used to manufacture these systems have
great scalability problems and, therefore, they cannot compete with conventional fertiliza-
tion (their price ranges from 1.50 to 22.00 €/kg compared to 0.75–3.00 €/kg of conventional
fertilizers). In recent years, cheaper raw materials that can be processed by easier and more
scalable methods have been investigated for their use in this application [22]. In this way,
the use of agri-food waste or byproducts, such as soy protein, has gained special interest for
the fabrication of these controlled release devices, not only due to their low price, but also
because they can be processed by the same methods used by conventional plastics, which
makes them a competitive alternative to conventional fertilizers (0.50–2.00 €/kg) [23–25].
However, the studies carried out so far have not succeeded in producing a bioplastic matrix
that provides adequate release kinetics for use in horticulture.

The main objective of this work was the development of soy protein-based matrices
with zinc sulfate incorporated with the adequate properties to efficiently supply zinc to
crops. For this, different processing methods were evaluated to produce matrices with
sustainable zinc retention and distribution. In addition, mechanical properties (to evaluate
their behavior during storage and distribution) and water uptake capacity (added value)
were also studied. Finally, the use of these matrices for the fertilization of lettuce and
peppers was compared with conventional fertilizers.

2. Materials and Methods
2.1. Materials

Matrices were composed of soy protein isolate (SPI), which was supplied by Protein
Technologies International (Ieper, Belgium), with 91 wt.% protein. This raw material was
provided from the industrial production of soybean oil, being a byproduct of this process.
Besides, glycerol (Gly), which was provided by Panreac Química S.A. (Barcelona, Spain),
was used as plasticizer.

Zinc was incorporated in the matrix as a salt, specifically zinc sulfate monohydrate
(ZnSO4·H2O). This salt was selected due to its common use in horticulture to supply zinc
to crops [26]. It was also provided by Panreac Química S.A.
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The soil used in this work was supplied by farmers from zinc-deficient farmland in
the South Highlands of Seville (Andalusia, Spain). The soil analysis indicates that the pH
of the farmland was 8. This pH is slightly alkaline, indicating that there was possibly an
excess of calcium and magnesium in the soil. Normally, to counteract this, substances that
contain sulfur are incorporated in order for the thio-bacteria present in the soil to convert it
to sulfuric acid [27]. On the other hand, its salinity was represented by a conductivity of
561 µS/cm. Its carbonate content is lower than 15% (as it does not produce effervescence
in contact with hydrochloric acid), which does not generate problems for the cultivation of
any type of crop [28]. The organic matter was 1.5% in this soil, which is slightly higher than
those found in this area (<1%) [8]. However, this increase could be due to the large rainfall
that occurred before the soil was collected, which generated a more humid environment
than usual in this territory. Nevertheless, this increase in the organic matter does not pose
problems for crop growth.

Table 1 shows the nutrients present in the soil. All the nutrients were within tolerable
limits [13], except for the excessive amount of calcium, as expected with the pH measure-
ment, and the poor content of zinc (<15 mg/kg soil). This deficiency is usual in soils with a
pH above 7 [29]. Furthermore, the soil was not contaminated by heavy metals (Pb) nor by
pesticides (As), as they were found in amounts lower than 5 mg/kg soil [30].

Table 1. Chemical composition of the studied soil.

Element Amount in Soil (mg/kg Soil) Ideal Conditions
(mg/kg Soil)

P 2841 2600–3500
NO3

− 49 40–350
NH4

+ 47 20–70
Ca 177,517 2200–5000
Mg 5387 730–1700
K 3804 2000–4000

Na 797 80–340
Cu 22 20–50
Mn 218 200–800
Fe 9158 100–10,000
Zn 7 15–180
S 789 500–800

Cr 13 10–60
Ni 9 10–35
Pb 3 <5
As 4 <5

Finally, it was determined that the soil texture was clayey (according to USDA clas-
sification [31]), with 62% clay and 38% sand. These soils tend to retain large amounts of
water—the water capacity of the soil is approximately 26%.

The crops grown were lettuce (Lactuca sativa) and Italian sweet pepper (Capsicum
annuum). Moreover, grass (Cynodon dactylon) was used to control germination. They were
provided by Ramiro Arnedo Semillas (Spain).

2.2. Matrix Processing

The matrices were processed using a five-stage process (mixing + injection mold-
ing + dehydrothermal treatment + immersion + freeze-drying), which has already been
studied [32]. Three variants of the process were studied to evaluate which one generates
the most suitable micronutrient incorporation. In this way, the stage at which the salt
was incorporated and the immersion solvent were changed in each protocol, as shown in
Table 2.
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Table 2. Raw materials, micronutrient (MN) incorporation and immersion solvent of the different
protocols used to produce matrices with zinc incorporated.

Protocol
Raw Materials in Mixing (%) Stage of MN

Incorporation Immersion Solvent
SPI Gly ZnSO4·H2O

A 45 45 10 Mixing Water
E 45 45 10 Mixing Ethanol

S 50 50 0 Immersion Saturated zinc sulfate
salt solution (1 g/mL)

The processing conditions were maintained. Firstly, the raw materials were homog-
enized in the mixing stage, using the proportions shown in Table 2. To this end, the raw
materials were introduced in a Polylab QC mixer (ThermoHaake, Karlsruhe, Germany),
mixing them for 10 min at 50 rpm under adiabatic conditions. The obtained dough-like
blends were injection molded to obtain bioplastic matrices in a MiniJet Piston Injection
Molding System II (ThermoHaake, Karlsruhe, Germany). The parameters used in this
stage, following previous studies [25], were cylinder and mold temperatures of 40 and
90 ◦C, respectively, and injection and holding pressures of 600 bar (20 s) and 200 bar (300 s),
respectively. After this stage, the bioplastics were reinforced using a dehydrothermal
treatment at 50 ◦C in a conventional oven (Memmert, Schwabach, Germany) for 24 h.

Once the bioplastic matrix has been reinforced, glycerol must be removed from the
matrix. In this way, each system was submerged in its corresponding solvent, according to
Table 2, for 24 h. Subsequently, the different swollen matrices were frozen at −40 ◦C for 2 h
and subjected to solvent sublimation in a LyoQuest freeze-dryer (Telstar, Madrid, Spain) at
−80 ◦C and 0.1 mbar for 24 h.

2.3. Characterization of Matrices
2.3.1. Mechanical Properties

Matrices need a certain mechanical resistance to maintain their structural integrity
over transportation and storage. Thus, dynamic sweep tests were performed to study the
response of the matrices to compressional deformations. The tests were carried out in a
dynamic-mechanical analyzer RSA3 (TA Instrument, New Castle, DE, USA) with a parallel
plate geometry (dia: 8 mm). The analyses were performed between 0.02 and 20 Hz at room
temperature (25 ± 2 ◦C), using 65% of the critical strain (previously calculated, results not
shown). In this way, the elastic (E’) and viscous (E”) moduli were evaluated along the
frequency range.

2.3.2. Zinc Loading

The main characteristic of these matrices is their encapsulated zinc content, which
can be released. In order to evaluate the zinc loading of each matrix, inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) analyses were carried out. To this end, the
samples were firstly digested with acids and then dissociated at a temperature of 6000 K in
an ICP SpectroBlue TI (Spectro, Kleve, Germany) to obtain the characteristic wavelengths
of each element.

The interaction between zinc and the biopolymeric chains were analyzed by Raman
spectrometry, introducing 300 g/mm of the sample in a LabRAM spectrometer (Horiba,
Kyoto, Japan), where bond vibrations were measured at 785 nm with an acquisition time of
4 s/accumulation and a hole of 100 µm.

2.3.3. Zinc Distribution

The way in which zinc is distributed into the matrix influences the kinetics of its release.
Therefore, the distribution of elemental concentration was analyzed in the surface and
inside of each matrix, using a scanning electron microscope (JEOL 6460LV, Pleasanton, CA,
USA) with a complement coupled to perform energy-dispersive X-ray analyses (EDXA).
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2.3.4. Zinc Release in Water

Cong et al. (2010) [33] and Essawy et al. (2016) [34] determined an easy protocol to
control the release of fertilizers from different matrices. The matrices were submerged in
300 mL of distilled water, controlling the release of zinc by measuring the conductivity (EC-
metro BASIC 30, Spain). The release is estimated to be completed when the conductivity
remains constant for more than 1 h.

2.3.5. Water Uptake Capacity (WUC)

An added value of these matrices is the release of water to crops. Water uptake
capacity tests were carried out to evaluate this property. In this context, the matrices
were immersed in 300 mL of distilled water for 24 h, according to the ASTM D570–98
standard [35]. The water uptake capacity (WUC) was calculated using Equation (1):

WUC(%) =
a − b

b
·100 (1)

where a is the weight of the system after the immersion step and b is the weight of the
system after water immersion and dry treatment by freeze-drying.

2.4. Plant Study
2.4.1. Zinc Release in Soil

The analysis of micronutrient release in soils provides a closer estimation of the use of
matrices in horticulture. For its evaluation, the matrices were buried in the soil (previously
characterized) in cylinder glass tubes of 40 × 2 cm2 open at the bottom. To simulate an
intensive irrigation of 20 L water/m2, the tubes were irrigated with 20 mL of water every
24 h. A scheme of the experimental set-up can be observed in Figure S1. Zinc release
was estimated by measuring the conductivity of the leachate using a BASIC 30 EC-meter
until no signal was detected in the leachate. It is worth mentioning that a blank was
made without incorporated matrices in the soil to compare the conductivity caused by the
soil salinity.

2.4.2. Matrix Biodegradability

The biodegradability of the different matrices was evaluated by burying the matrices
in the soil. At least three matrices (60 × 10 × 1 mm3) of each protocol were unearthed at
different days to be visually evaluated, taking pictures. Finally, the total biodegradation
time was estimated as the test days after which the matrix could not be unearthed.

2.4.3. Crop Evaluation

Finally, the matrices were evaluated in their use as fertilizers. To this end, two types of
crops were used: one with fast germination and growth (lettuce) and another one with fast
germination and slow growth (Italian sweet pepper). A positive control (with conventional
fertilization of 40 mg ZnSO4·H2O every 7 days), a negative control (without fertilization)
and systems with the different matrices were carried out after germination of the crops. For
these studies, four plants of each crop were tested with each fertilizer (positive, methods A,
E and S and negative fertilization). The matrices were buried with each plant at 2 cm to the
left of its roots. The evaluation of crops was performed by visual observation of the defect
found in the plants, as well as their height and foliage. In addition, the different crops
were analyzed by ICP-AES to evaluate the amount of zinc that they had assimilated and
its availability as a zinc supply for people. On the other hand, a germination study was
carried out with grass seeds to evaluate the influence of the matrices during germination.

In addition, the water used for irrigation was controlled to determine the amount of
water necessary for the growth of each plant. This parameter was determined as added
value of the matrices. To calculate the water retention by the matrices, the total amount of
water from the planting day to harvest day was registered for each plant.
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2.5. Statistical Analysis

At least three replicates were carried out for each measurement. Statistical analyses
were performed with t tests, evaluating the variance of the measurements (p < 0.05). These
tests were carried out using SPSS 18 (Windows). The results were represented as mean
values with standard deviations.

3. Results and Discussion
3.1. Characterization of Matrices
3.1.1. Mechanical Properties

Figure 1 shows the frequency sweep tests of the matrices processed by the different
protocols. Regardless of the process used, the frequency exerts a very slight influence on
the compressional elastic modulus (i.e., E’ ∝ ωn, with the power-law exponent, n, ranging
between 0.03 and 0.06), not leading to any significant modification of the compressional
viscous modulus (E”). In addition, the elastic modulus was always one order of magnitude
above the viscous modulus. This behavior shows the predominant solid character of these
matrices, facilitating their transportation and storage without being damaged. These results
are similar to others found in the literature, where soy protein-based bioplastics present
solid character [36], confirming that the samples show a proper mechanical stability for the
three processes used.
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processed by the different protocols.

On the other hand, the use of different protocols to process the matrices generated
differences in the moduli values. In this context, the lowest value was obtained for the
matrix processed using an immersion stage in water (A), while the highest value was
obtained for the matrix processed using ethanol for the immersion stage (E). This behavior
could be due to the greater material loss during immersion generated by salt and soy
protein solubility in water, leading to more brittle matrices. Ethanol does not produce this
solubilization, allowing high values in both elastic and viscous moduli. These results are in
line with those of previous research, where the drop in the elastic modulus of protein-based
matrices after immersion in water has already been demonstrated [37].
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3.1.2. Zinc Loading

The amount of zinc (Zn2+) and sulfate (SO4
2−) present in the different matrices is

shown in Table 3. The protocol used in the processing of matrices is determinant in the
amount of micronutrient incorporated in the matrix. Protocol A is the one that incorporates
the least amount of zinc and sulfate in the matrix. This behavior is due to the high
solubility of ZnSO4·H2O in water, passing to the medium during immersion. However,
it can be observed that some zinc is retained in the matrix (4.81 of 25.2 mg presented
in the bioplastic before the immersion), which could be caused by the negative charges
of protein chains, since the pH of the matrix (6.5–7, approximately) was higher than its
isoelectric point (5.5), generating attractive interactions with the zinc ions. This behavior
has already been registered in previous works, where ionic salts (i.e., sulfate, persulfate,
chloride) allow better micronutrient retention than nonionic or insoluble salts (i.e., EDTA,
carbonate) [36,37].

Table 3. Zinc (Zn2+) and sulfate (SO4
2−) content and distribution in the matrices processed by the

different protocols. Different letters mean significant differences.

Protocol

ICP-AES EDXA

Zn2+ (mg) SO42− (mg)
Surface Inside

Zn (%) S (%) Zn (%) S (%)

A 4.81 0 54 a - 46 c -
E 15.3 22.5 52 a 47 A 48 ac 53 A

S 28.1 41.4 58 b 65 B 42 d 35 C

Method E corrects the problem of the high solubility of ZnSO4·H2O found in method
A, by replacing water with ethanol as the immersion medium, where it is insoluble. In this
way, the retention of zinc into the matrix increases from 19% of the total amount added
for matrix A to 60% achieved for matrix E, leading to a threefold amount of micronutrient
load within the matrix. Moreover, the change in the micronutrient incorporation produced
a greater load of it in the matrix S, attributed to the greater amount of zinc to which the
matrix was exposed with this protocol. Thus, the amount of salt incorporated into the
final matrix S was even higher than the amount initially added for the protocol used for
matrices A and E.

It is worth mentioning that, unlike in the case of protocol A, there is not any preferential
retention of zinc cations over sulfate anions nor in protocol E, where the salt remained
undissociated, nor in protocol S, where the ions are incorporate from a saturated medium.
This reaffirms the prevalence of electrical interactions between zinc ions and the protein in
protocol A. Raman spectroscopy was used to confirm these interactions. Figure 2 shows the
spectroscopic profile of a matrix without zinc and another one with it. The incorporation
of zinc generates peaks at 240 and 260 cm−1, approximately, in the spectrum (indicated in
Figure 2), which correspond to the interaction of zinc with functional groups of the protein,
creating a metalloprotein, as its predicted by Torreggiani et al. with their zinc-protein
complex [38].
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3.1.3. Zinc Distribution

Table 3 also shows the zinc distribution measured by EDXA. There was a homogeneous
distribution when zinc was incorporated in the mixing step (protocol A and E), which was
more evident when ethanol was used as the immersion solvent. However, it seems that
the amount of zinc tends to be higher on the surface than inside the matrix. This could
be due to the penetration of the solvent into the matrix, which drags the zinc from inside
out, leaving an increasing concentration gradient from the inside of the matrix towards
its surface. Since ethanol is less related to the salt used to incorporate zinc than water,
its gradient is less enhanced, hence its greater homogeneity. Interestingly, there were no
significant differences neither in zinc nor in sulfur content on the surface and inside of
the matrix processed by protocol E. This emphasizes the null solubility of ZnSO4·H2O in
ethanol, which seems to be unable to dissociate the salt. The ions did not generate enough
attractive or repulsive electronic forces with the matrix charges, which could facilitate the
heterogeneous dispersion of the components. This low solubility of ZnSO4·H2O in ethanol
has already been reported in previous works, where the solubility of this salt in different
solvent was evaluated [39].

The change in the zinc incorporation from mixing (protocol A and E) to immersion
stage (protocol S) led to an apparent more significant gradient of zinc and sulfur concentra-
tions between the surface and the inside of the matrix. In this case, both ions entered the
matrix due to the difference in concentrations between the solvent (saturated in salt) and
the matrix. There was a diffusion from the solvent to the surface of the matrix and from this
surface to the interior of the matrix until equilibrium is reached. In addition, other effects
such as solvent penetration when removing glycerol, osmotic pressure or matrix hydrofility
also act during the salt penetration. In this way, since the surface is more accessible, the
content in zinc and sulfur was higher in this part of the matrix. It is worth mentioning that
the gradient was more significant in sulfur content than in zinc. This behavior could be
induced by the repulsion forces previously mentioned between sulfate ions and protein
charges, which hinder the infiltration of sulfate into the matrix, being more superficial.

3.1.4. Zinc Release in Water

The zinc release of the different matrices in water, measured by the change in the
specific conductivity (K), can be observed in Figure 3. All the matrices presented a release
prolonged in time, indicating their ability to release zinc in a controlled manner. However,
the speed of this release varied depending on the protocol used.
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Figure 3. Micronutrient release study of the different matrices in water: accumulation of conductivity
with time.

The release kinetics fit well with the following asymptotic equation for the three
matrices:

K =
K∞

1 +
(

t1/2
t

)m (2)

where K∞ is the specific conductivity at infinite time, t1/2 is the half release time (i.e., the
time at which the specific conductivity reaches half the value of K∞) and m is a dimension-
less parameter which represents the power-law exponent for the initial release stage (i.e., if
t � t1/2 Equation (2) reduces to a power-law relationship, K ∝ tm).

The different parameters obtained for each matrix are observed in Table 4. The matrix
processed by protocol A only contains a low amount of zinc but it displays a slow release,
with a moderate power-law index (m = 0.27) and a half release time of almost 3 h. The
release kinetics for protocols E and S is characterized by two well-marked stages: (i) A
faster release at the beginning, represented by a power-law equation with a high slope
in conductivity (m > 1), with half time values of 30 and 20 min, respectively (ii) this
kinetics is followed by a region with a much slower rate which tends to a constant value
at which no further release takes place. The values of parameter m presented by both
systems (E and S) were different, possibly due to the difference in the zinc distribution
of the matrices. The greater the amount of zinc present on the surface of the matrix, the
easier the zinc release and, consequently, the faster its release. Previous articles already
anticipated the importance of the distribution of the desired element in the matrix for its
release, estimating that a homogeneous distribution is better for the correct control of the
release of fertilizers [40,41].

Table 4. Release kinetics parameters of the different matrices.

Protocol κ∞ (µS/cm) t1/2 (min) m (-)

A 37.0 177 0.27
E 274 30.0 1.4
S 277 19.9 2

The kinetics of this study allow predicting that the matrices will have a controlled
release during their use in soils. So, its study in soils is viable.
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3.1.5. Water Uptake Capacity

Figure 4 shows the water uptake capacity of the matrices processed by the different
protocols. This capacity depends not only on how the micronutrient has been incorporated
but also on the amount of micronutrient load and its distribution in the matrix. Protocols A
and E incorporate the micronutrient in the same stage (mixing), although the water uptake
capacity of the matrix processed by protocol E was lower. This could be explained by
the higher amount of salt present in this matrix, which prevents it from swelling during
absorption due to electrostatic forces [42–44]. However, the matrix processed by protocol S
was the one that retained the largest amount of zinc, also presenting better water uptake
capacity than the matrix processed by protocol E. This behavior is the possible cause of the
micronutrient distribution. In this sense, zinc and sulfate ions are quickly transferred to the
water, leaving a greater number of free pores that can be filled by water. On the other hand,
the greater ionization in ZnSO4·H2O during the processing of the matrices by protocols
A and S, possibly caused a lower electrostatic charge during the absorption of the final
matrices, allowing them to increase their volume to capture and retain water.

Agronomy 2021, 11, 580  11  of  17 
 

 

 

Figure 4. Water uptake capacity of the matrices processed by the different protocols. Different 

letters mean significant differences. 

The water uptake capacity of these matrices is lower than that shown in other mate‐

rials intended for this purpose. For example, Cuadri et al. (2016) obtained soy materials 

with a absorbent capacity of up to 3000% [45] and Álvarez‐Castillo et al. (2020) obtained 

similar values with plasma porcine protein‐based materials [46]. However, the matrices 

presented in this work present this ability as a secondary characteristic. This water uptake 

capacity allows the reduction of irrigation by up to 33%, which is an added value to these 

matrices. 

3.2. Plant Study 

3.2.1. Zinc Release in Soil 

Figure 5 shows the measurements taken from the leachates in the soil release studies. 

These studies show the same trend already observed in water, after an induction time: all 

systems had a controlled release, which was  faster at  the beginning and slowed down 

over time. 

Figure 4. Water uptake capacity of the matrices processed by the different protocols. Different letters
mean significant differences.

The water uptake capacity of these matrices is lower than that shown in other materials
intended for this purpose. For example, Cuadri et al. (2016) obtained soy materials with a
absorbent capacity of up to 3000% [45] and Álvarez-Castillo et al. (2020) obtained similar
values with plasma porcine protein-based materials [46]. However, the matrices presented
in this work present this ability as a secondary characteristic. This water uptake capacity
allows the reduction of irrigation by up to 33%, which is an added value to these matrices.

3.2. Plant Study
3.2.1. Zinc Release in Soil

Figure 5 shows the measurements taken from the leachates in the soil release studies.
These studies show the same trend already observed in water, after an induction time: all
systems had a controlled release, which was faster at the beginning and slowed down
over time.
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This kinetics can be beneficial for crops, since zinc is essential for the formation of the
internodes of the plants and, for their growth, requiring a greater amount the first days of
cultivation, where the plants spend their greatest amount of energy to grow and a lower
amount at the end when they are forming the fruits [12].

The profiles obtained for the matrices processed by protocols A and E are similar the
first 20 days had the same slope, although the values of matrix E were higher and this
matrix releases more nutrients from day 20. This is due to the fact that both released zinc
at the same rate, although matrix E, having a greater amount of zinc, presented a higher
release. Matrix E presents lower water uptake capacity, which prevents it from releasing the
zinc quickly. On the other hand, the profile obtained for the matrix processed by protocol
S changed, having a steeper slope and, therefore, a faster release. This behavior could be
due to the distribution of zinc in this matrix, as already mentioned before, and the higher
water uptake capacity presents in this matrix. In this way, as the micronutrient was more
superficial in the matrix, it was released more quickly with respect to the other matrices.
However, all the matrices had a release that extended to approximately 40 days of use. For
this reason, it is considered that they are ideal for crops with a growth similar to that of
lettuce, peppers and zucchini, which are usually harvested after 40–50 days of cultivation.

3.2.2. Matrix Biodegradability

Figure 6 shows the macroscopic aspect of the matrices during the biodegradabil-
ity study. According to the images, the matrices seemed not to deteriorate until after
10–20 days, when they began to change their color and broke when they were unearthed.
The matrices processed by protocols A and S seemed to have the same behavior during
their biodegradability (maximum time approximately 30 days), while the matrix processed
by protocol E had a longer decomposition time (approximately 40 days).
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This behavior could explain the release kinetics that took place. During the first
10 days of cultivation, the matrices maintained their physical integrity, releasing only the
micronutrient that the water could transfer out of the matrix. This drag is greater when
there is a larger amount of micronutrient at the surface of the matrix, which explains the
higher speed of matrix S at this stage. Then, the micronutrient that is released is the one
that is bound to the biopolymeric chains. This is the reason why it takes longer to be
released, since it requires a certain degree of biodegradation of the matrix. In addition, it
can be observed that the matrix took the same time to degrade as it did to release all the
micronutrient, which shows that the zinc release depends on the biodegradation of the
matrix due to the interactions between zinc ions and matrix chains.

3.2.3. Crop Evaluation

Finally, the matrices were tested in real crops to determine the degree of assimilation.
Figure 7 shows the lettuces and peppers grown in this analysis. Firstly, differences were
observed between the different cultivated lettuces (L) and peppers (P). Depending on
the amount of zinc incorporated, the plants had a more homogeneous appearance or not.
The crops of the negative control (−) as well as those that had the matrices processed
by protocols A and S incorporated, had certain defects, such as deformed leaves, brown
spots and shorter roots. However, these defects were not found in the crops of the positive
control (+) and those that had the matrix processed by protocol E incorporated. These
differences were also seen in the height of the plant, dimensions of the leaves and total
foliage of the crop (Table 5). In this way, the matrices processed by protocol E were the
most efficient, producing larger plants with more leaves, showing better results than even
when conventional fertilization is used (positive control). On the other hand, the matrix
processed by protocol A did not generate great differences with respect to the negative
control, indicating that its incorporation as fertilizer is not beneficial. The matrix processed
by protocol S showed an interesting behavior, with results similar to those of the matrix
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processed by protocol E when used on lettuce but also similar to those of the negative
control when used on pepper. This behavior is due to the rapid growth of the crop. In this
way, as lettuce grows faster, the faster release of zinc from the matrix processed by protocol
S is not reflected in the product of this crop. However, as pepper grows more slowly, there
comes a time when it has not finished growing yet but the matrix has released most of the
micronutrient, generating an excess of zinc in the plant at the beginning of the growth and
a deficit of zinc in the last days of growth.
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Table 5. Characteristics of crops fertilized with the different matrices (A, E, S), by conventional fertilization (+) or without
fertilization (−). Different letters and roman numerals mean significant differences.

Protocol

Lettuce Italian Sweet Pepper

Height
(cm)

Foliage Zn
Content
(ppm)

Height
(cm)

Foliage Zn
Content
(ppm)

Size
(h × w) cm

Number of
Leaves

Size
(h × w) cm

Number of
Leaves

+ 26 a 11.2 × 3.4 A 11 I 70.1 30 a 19.6 × 9.7 A 15 I 29.7
A 20 b 8.4 × 3.3 B 8 II 32.7 36 b 16.4 × 9.0 B 14 I 16.7
E 28 a 15.5 × 5.7 C 14 III 155.3 42 c 19.1 × 9.4 A 15 I 71.0
S 25 a 13.1 × 5.2 D 14 III 94.4 28 a 13.2 × 7.5 C 9 II 51.6
− 19 b 12.6 × 5.2 D 6 II 28.8 30 a 14.5 × 7.5 C 8 II 13.5

Regarding the amount of zinc assimilated by each plant, both the lettuce and pepper
crops that were subjected to fertilization with the matrix processed with protocol E were
the ones that retained the largest amount of zinc, surpassing conventional fertilization
(positive control). It is worth mentioning that this value did not reach toxicity (<200 ppm),
which would cause food poisoning [47]. This could increase the value of these vegetables,
making this method of fertilization even more efficient. The matrix processed by protocol
S also exceeded the assimilation values of conventional fertilization, corroborating the
efficiency of the controlled release of micronutrients in the crops, although it did not reach
the values reached by matrix E. On the other hand, the matrix processed by protocol A,
although it improved the amount of zinc in the plant compared to the negative control
(without fertilization), it did not reach the expected values after fertilization. This is due
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to the low amount of zinc that the matrix retained. It is also worth mentioning that the
matrices processed by protocols E and S contained sulfur (sulfate ions), which counteracted
the pH of the soil, as previously mentioned, preventing the calcification of the plants [27],
which did not occur with the matrix processed by protocol A.

The germination studies determined that the matrices did not pose any problems for
the correct germination of the seeds, thus they can be incorporated from the sowing of the
crop, lightening the process. In addition, the water capacity of the soil increased from ca. 26
to 43% when the matrices were incorporated. This is due to the fact that the water uptake
capacity of the matrices, although low, allowed irrigation water to be retained and used
more effectively in the crops as an additional water source. This reduced the frequency of
irrigation by approximately 33%.

4. Conclusions

To sum up, it has been possible to develop soy protein-based matrices with adequate
zinc retention and distribution by incorporating an immersion stage with ethanol in this
process. In addition, these matrices presented sustainable mechanical properties and can
release the zinc in a controlled way. During cultivation, these matrices have provided
the necessary zinc for the correct development of lettuce and peppers in zinc-deficient
soils, even improving the efficiency of conventional fertilizers. They also made possible to
reduce their irrigation. All this leads to better developed and more nutritious crops, using
fewer resources (lowering prices). This work has opened a new possibility of creating more
efficient devices for the incorporation of fertilizers to crops, which produce excellent results
in crops and have an affordable price for industrial use. As future perspective, it would be
important to evaluate their behavior with other micronutrients and even combinations of
them to expand their usefulness.

5. Patents

Jiménez Rosado, Mercedes, Perez Puyana, Víctor Manuel, Romero García, Alberto,
Guerrero Conejo, Antonio: Matrices proteicas de soja para la liberación controlada de agua
y micronutrientes para cultivos y su método de preparación. Invention Patent, Intellectual
Property. Application: 2020-11-13.
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