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Abstract
This study aimed to determine the effect of foliar (Si) spraying of silicon using different sources on leaf Si concentration, 
photosynthetic parameters, and yield in soybean, cotton, and maize. Three experiments were carried out in the 2016/2017 
growing season (Study 1), and three experiments were carried out in the 2017/2018 season (Study 2). Study 1 was arranged 
using a randomized block design in a 4 × 4 factorial scheme consisting of four sources of Si: sorbitol-stabilized sodium and 
potassium silicate (SiAl), PEG-400-stabilized monosilicic acid (SiAc), nanosilica (Nano), and potassium silicate without 
stabilizers (SiK), and four silicon concentrations: (0.0, 0.25, 0.50, and 1.0 g L−1), with three replicates. Study 2 was arranged 
in a randomized block design consisting of a treatment without Si (0 g L−1) and treatments with three sprayings of SiK 
(0.6 g L−1) or SiAl (0.6 g L−1), with seven replicates. In Study 1, all Si sources studied increased the leaf Si concentration. 
In addition, increasing Si concentrations also increased the photosynthetic variables and yield of soybean, maize, and cot-
ton plants, with SiAl at the concentrations of 0.5 and 1.0 g L−1 being superior to the other sources, promoting greater yield. 
In Study 2, SiAl and SiK increased the leaf Si concentration, photosynthetic variables, and yield in soybeans, cotton, and 
maize plants. It is concluded that stabilized potassium silicate can be used as a new option in relation to the conventional 
source, potassium silicate for fertilization in annual crops. Our study proposes the use of this Si source for foliar spraying 
at a concentration between 0.6 and 0.8 g L−1 for soybean, cotton, and maize crops, especially when the leaf Si contents are 
below 2.0, 5.5, and 26.6 g kg−1, respectively.
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1  Introduction

Silicon (Si) is considered as a beneficial element that can 
increase the yield of crops submitted to biotic or abiotic 
stress (Bakhat et al. 2018; Campos et al. 2020; Coskun et al. 
2019; Silva and Prado 2021) or under adequate conditions 
(Barros et al. 2018, 2019; Flores et al. 2019). Silicon absorp-
tion varies among species. Fabales such as soybean (Glycine 

max) show a low leaf Si concentration, while Poales such 
as maize (Zea mays) show a high leaf Si concentration, and 
Malvales such as cotton (Gossypium hirsutum) show an 
intermediate leaf Si concentration (Deshmukh et al. 2020).

Silicon can be applied to crops in the soil or in leaves 
(Santos Sarah et al. 2021; Souza Junior et al. 2019); how-
ever, in plants that exhibit low or intermediate Si concen-
trations (such as soybean and cotton, respectively), the root 
Si uptake capacity is favored by the foliar application of 
the element (Flores et al. 2019; Hurtado et al. 2021; Souza 
Junior et al. 2019, 2020, 2022). For foliar Si application, 
potassium silicate (SiK) has been the predominant source 
in agriculture (Laane 2018); however, studies on the ideal 
Si concentration for leaf application, taking into considera-
tion 2 years of field production, are scarce in the literature. 
In one study involving maize in two growing seasons, the 
authors were unable to determine the optimal concentration 
of Si in the form of potassium silicate, only indicating that 
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it was above 0.056 g L−1 (Ibrahim et al. 2020). Other studies 
were performed in crops under stress (Oliveira et al. 2019a; 
Oliveira Rocha et al. 2022; Rodrigues et al. 2009; Santos 
Sarah et al. 2021; Souza Junior et al. 2019) and cannot be 
applied to their stress-free counterparts. Thus, the effect of 
the foliar spraying of Si in plants under adequate conditions 
needs to be studied.

A number of studies conducted under greenhouse condi-
tions indicated that the ideal Si concentration in the form 
of potassium silicate in the leaf spray solution is 0.80 g L−1 
and 1.47 g L−1 for cotton (Souza Junior et al. 2019) and soy-
bean (Felisberto et al. 2020), respectively. Although these 
results were obtained in pots and cannot be extrapolated to 
the field, they indicate that optimal Si concentrations in the 
spray solution differ among crops. As the leaf surface and 
cuticle thickness vary according to plant species (Chacalis 
et al. 2001; Monquero et al. 2004), they may induce differ-
ences in Si absorption, consequently generating differences 
in the ideal concentrations of this element in the spray solu-
tion. Thus, the optimal Si concentration in different field 
crops remains unknown.

The few field experiments with Si in annual crops used 
only potassium silicate without stabilizers, which is the 
source that continues to predominate in the agricultural mar-
ket. As such, new sources of this element have emerged, such 
as silicon oxide nanoparticles and other soluble sources, 
such as sorbitol-stabilized sodium and potassium silicate 
and PEG-400-stabilized monosilicic acid. The nanoparti-
cle source consists of SiO2 in colloidal dispersion, measur-
ing between 1 and 10 nm (Ball 2002; Roco 2003), which 
changes its chemical properties in relation to microparticles 
(Bell 2003), increasing the leaf absorption of Si by plants, 
as reported for sorghum (Oliveira et al. 2019b) grown in a 
greenhouse. Soluble sources contain stabilizers that prevent 
polymer formation and increase the leaf absorption of Si by 
plants. In this case, once absorbed, Si may favor the basic 
aspects of the physiology of photosynthesis, resulting in 
increased plant development, as observed for cotton (Souza 
Junior et al. 2019, 2020), maize (Santos Sarah et al. 2021), 
and soybean (Shwethakumari and Prakash 2018) grown in 
a greenhouse. These results indicate the promising potential 
of soluble Si sources, although needing to be confirmed by 
analyzing the yield data of crops under field conditions. Dif-
ferences in the stability of Si in solution as a function of the 
source (Souza Junior et al. 2020) may affect the optimal Si 
concentration for foliar application.

We hypothesize that (a) innovative sources of Si, such as 
SiO2 nanoparticles and soluble sources of silicon (such as 
PEG-400-stabilized monosilicic acid and sorbitol-stabilized 
sodium and potassium silicate) applied to leaves, are efficient 
in supplying Si, being alternatives to the standard source, 
potassium silicate; (b) once absorbed, Si should favor pho-
tosynthetic variables, underscoring an innovative source of 

the element that is able to promote greater increases in cot-
ton, maize, and soybean yields over two consecutive grow-
ing seasons, depending on the Si concentration in the spray 
solution.

If confirmed, this hypothesis would contribute to broaden 
the possibilities of alternative Si sources and to determine 
the optimal Si concentrations in solution for leaf spraying 
in annual crops, which may optimize yields and favor the 
sustainability of these crops.

Therefore, the present study aimed to determine the 
effect of foliar Si application using innovative sources on 
leaf Si concentration, photosynthetic parameters, and yield 
in soybean (Glycine max), cotton (Gossypium hirsutum), and 
maize plants (Zea mays).

2 � Material and Methods

2.1 � Growth Condition and Field Characterization

Six experiments were conducted under field conditions, as 
follows: three experiments (soybean, cotton, and maize) 
were carried out in the 2016/2017 growing season (Study 1), 
and three experiments were carried out with the same crops 
in the 2017/2018 growing season (Study 2). The experiments 
were carried out at the Agricultural Research Support Foun-
dation of Chapadão (18°41′33″ S and 52°40′45″ W) in the 
municipality of Chapadão do Sul, Mato Grosso do Sul state, 
Brazil.

The soil was classified as a Dystrophic Red Latosol 
(Embrapa 2018). Before the experiment, chemical analy-
sis of the soil at a depth of 0.00–0.20 cm was carried out 
according to the methodology described by Raij et  al. 
(2001), obtaining the following results for Study 1 and 2, 
respectively: pH (CaCl2): 5.4 and 4.9; P (resin): 55.3 and 
29.7 mg dm−3; organic matter: 29.1 and 28.8 g dm−3; K: 
147 and 185 mg dm−3; Ca: 4.4 and 2.7 cmolc dm−3; Mg: 1.7 
and 1.0 cmolc dm−3; S: 10.3 and 3.8 mg dm−3; H + Al: 3.1 
and 6.3 cmolc dm−3; Al: 0.02 and 0.05 cmolc dm−3; B: 0.12 
and 0.08 mg dm−3; Cu: 2.0 and 0.95 mg dm−3; Fe: 59.0 and 
30.5 mg dm−3; Mn: 32.30 and 12.05 mg dm−3; and Zn: 16.3 
and 5.85 mg dm−3.

The climate in the region, according to the Köppen clas-
sification, is Aw (tropical wet), with rainy summers and dry 
winters. Rainfall (mm) and minimum and maximum tem-
peratures (°C) were recorded during the experimental period 
(Fig. 1).

Study 1 was conducted with the soybean cultivar BRX 
Bonus IPRO®, from October 2016 to February 2017, with 
cotton cultivar FM 975 WS®, from February to June 2017, 
and with the maize hybrid 2B633PW, from February to 
March 2017. The soybean cultivar BRX Bonus IPRO® 
belongs to the 7.9 maturation group, with indeterminate 
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growth, moderate soil fertility requirement, and moderate 
lodging resistance; the cotton cultivar FM 975 WS® pre-
sents high yield potential, a medium-late maturing cycle of 
160 to 190 days, and presents the WideStrike® technology, 
which provides resistance to bacteriosis and viruses; and 
the hybrid maize variety 2B633PW presents high rusticity 
and productive stability, with an early maturing cycle, being 
highly indicated for production systems with high to medium 
investments. Study 2 was conducted with the soybean cul-
tivar BRX Desafio RR®, from October 2017 to January 
2018, cotton cultivar FM 983 GLT®, between January and 
July 2018, and maize genotype P30F35, between February 
and April 2018. The soybean cultivar BRX Desafio RR® 
belongs to the 7.4 maturation group, with indeterminate 
growth, high soil fertility requirements, and high lodging 
resistance; the cotton cultivar FM 983 GLT® presents a late 
maturing cycle of 180 to 200 days, presenting the GLT® 
technology, which provides resistance to bacteriosis and 
viruses; the maize genotype P30F35 presents a hyper-early 

cycle and high yield, being indicated for planting systems 
with high investment.

The soil was prepared conventionally by plowing and two 
harrowings 60 days before crop planting, with another har-
rowing 2 days before planting in both studies. In Study 1, 
there was no need for soil correction. In Study 2, 2 t ha−1 of 
lime (CaO 35%; MgO 12%; total neutralizing power of 85%) 
and 2.5 t ha−1 of gypsum were applied.

The fertilizer was applied based on the recommenda-
tions by Souza and Lobato (2004), with the soil being sub-
sequently analyzed. In both studies, a base dressing of 150, 
250, and 270 kg ha−1 monoammonium phosphate (11–52-
00) was used for soybean, cotton, and maize, respectively, 
and 150 kg ha−1 KCl (60% K2O) was also used for cotton. 
Topdressing was performed with 150 kg ha−1 of KCl (60% 
K2O) in the V3 growth stage (third node, second trefoil com-
pletely open) for soybean; with 260 kg ha−1 of urea distrib-
uted into half of the dose in stage B1 (first flower bud in the 
first reproductive node) and the rest of the dose in F1 (first 
flower in the first reproductive node) for cotton; and with 
150 kg ha−1 of N in the form of urea (45% of N) distributed 
into half of the dose in V2 (second fully developed leaf) 
and the rest of the dose in V4 (fourth fully developed leaf) 
for maize.

2.2 � Experimental Design and Experimental Plots

Study 1 was arranged using a randomized blocks in a 4 × 4 
factorial scheme consisting of four sources of Si: sorbitol-
stabilized sodium and potassium silicate (SiAl—107 g L−1 
Si; 14.9 g L−1 Cu; 28.4 g L−1 K2O; 100 mL L−1 sorbitol; 
and pH 11.8); PEG-400-stabilized monosilicic acid (SiAc—
13.8 g L−1 Si and pH 1.6); nanosilica (Bindzil®) (Nano—
77 g L−1 Si, mean diameter of 4 nm, specific surface area of 
750 cm2 g−1, and pH 10.5); and potassium silicate without 
stabilizer (SiK—128 g L−1 Si; 126.5 g L−1 K2O, and pH 
12.0); and four Si concentrations: 0.0; 0.25; 0.50; and 1.0 g 
L−1 Si, with three replicates. Treatments with SiAl and SiK 
contained potassium and copper, nutrients that were bal-
anced in all treatments using potassium chloride and copper 
sulfate, respectively.

The results of Study 1, which indicated the best inno-
vative source of Si and the best concentration in the spray 
solution for the crops studied, were compared in the subse-
quent growing season with the results obtained using the 
standard source (potassium silicate), in order to determine 
whether the innovative source would be stable over at least 
two consecutive seasons. Study 2 was carried out using three 
experiments with maize, soybean, and cotton crops, being 
arranged in randomized blocks with three treatments: with-
out Si (0 g L−1); SiK (0.6 g L−1); and SiAl (0.6 g L−1), with 
seven replicates. K and Cu were balanced in all treatments 
using potassium chloride and copper sulfate.
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Fig. 1   Minimum temperature, maximum temperature, and rainfall in 
the experimental area during experiments conducted between Octo-
ber 2016 and June 2017 (a) and between October 2017 and July 2018 
(b). Chapadão do Sul—MS, Brazil
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In both studies, the experimental plots for soybean and 
maize consisted of seven rows, 5.5-m-long spaced 0.45 cm 
apart, with the study area consisting of the two central rows 
and being 3 m long (4.05 m2). The experimental plot for cot-
ton consisted of four rows, 5.5 m long spaced 0.9 m apart, 
with the study area consisting of the two central rows and 
being 3 m long (4.05 m2).

2.3 � Treatments

The silicate solution for foliar spraying was prepared using 
the different treatments in both studies, and the pH was 
adjusted to 7.0 ± 0.3. Foliar Si application was performed 
immediately after the spray solution was prepared using a 
CO2-pressurized sprayer with a flow rate of 150 L ha−1 at 
2 bar pressure and 6 nozzles spaced 0.50 m apart for studies 
with soybean and maize; and with a flow rate of 150 L ha−1 
at 2.5 bar pressure and 6 nozzles spaced 0.45 m apart for 
studies with cotton.

In Study 1, four foliar applications were performed in 
soybean: in V4 (fourth node, 3rd open trefoil), R1 (start 
of flowering), R3 (end of flowering, beginning pod), and 
R5 (beginning seed fill, at 10% seed development), and in 
cotton: in B5 (five fully developed flower buds), F5 (five 
fully developed flowers), C1 (first open boll), and C3 (third 
open boll); while three foliar applications were performed 
in maize: in V7 (seven fully expanded leaves), VT (bolting), 
and in R3 (milky grain).

In Study 2, three foliar applications were performed in 
soybean: in V4 (fourth node, 3rd open trefoil), R2 (complete 
flowering) and R5.1 (noticeable grains, at 10% germination), 
in maize: in V6 (sixth fully developed leaf), V9 (ninth devel-
oped leaf), and VT (bolting), and in cotton: in B3 (third 
flower bud in the first reproductive node), F1 (first flower in 
the first reproductive node), and F3 (third flower in the first 
reproductive node).

The climate conditions for all foliar applications in the 
experiments were adequate, since there was no rainfall in 
the first 48 h after sprayings, the temperature ranged from 
20 to 24 °C, the relative humidity was above 72%, and the 
wind speed was below 7 km h−1.

2.4 � Specific Analyses

Photosynthetic rate, stomatal conductance, internal CO2 
concentration, and transpiration were evaluated using a 
portable gas analyzer (Li-COR-6400 XT®), regulated for 
an irradiance of 1000 µmol m−2 s−1 of photons, leaf carbon 
assimilation rate of 380 µmol m−2 s−1 CO2, and flow rate 
of 500 µmol m−2 s−1. Analyses were carried out between 
9:00 and 10:00 am 1 week after the third application, with 
fully flowered plants being measured in the soybean plants 
in Studies 1 and 2 in the central trefoil of the first fully 

expanded leaf. Due to excessive cloud cover, photosynthetic 
analyses were conducted in the cotton plants only in Study 1, 
in the fifth leaf from the apex of the main stem; and in maize 
plants only in Study 2, in the opposite leaf below the spike.

In all the experiments, 30 leaves of fully flowered plants 
were sampled. For soybean plants, the central trefoil of the 
first fully expanded leaf was collected; for cotton plants, the 
fifth leaf from the apex of the main stem was collected; and 
for maize plants, the third basal leaf opposite and below the 
spike (upper) was collected.

Leaf samples were decontaminated with water, followed 
by a neutral detergent solution (1%), HCl solution (1%), 
and deionized water, being dried in a forced air ventilation 
oven at 65 ± 5 °C until reaching constant mass. Later, sam-
ples were ground in a Wiley mill. Then, the leaves were 
chemically analyzed to determine the Si content from alka-
line digestion with H2O2 and NaOH, and the colorimetric 
reaction with ammonium molybdate was conducted for col-
orimetric reading in a spectrophotometer, according to the 
methodology described by Kondörfer et al. (2004).

Soybean, maize, and cotton yield were analyzed in both 
studies. For this, plants in the study area (4.05 m2) were col-
lected manually in R7 for soybean and R6 for maize plants. 
Next, the pods and the spikes were threshed, passed through 
sieves, dried under natural conditions, and weighed, being 
corrected for 13% moisture and converted into kg ha−1. 
When cotton plants were in the physiological stage C5, the 
bolls were collected in the study area (4.05 m2), and the cot-
ton fiber + cotton seed yield was calculated.

2.5 � Statistical Analysis

The data obtained were submitted to analysis of variance 
(F-test). When significant, the data were analyzed using 
Tukey’s test at 5% probability for the different sources in 
Study 1 and treatments in Study 2. The different concentra-
tions analyzed in Study 1 were studied using polynomial 
regression. The model significant at 5% probability was 
selected by the t test. All statistical analyses were conducted 
using the software Sisvar® (Ferreira 2014).

3 � Results

3.1 � Study 1—Innovative Silicon Source for Foliar 
Application in Cotton, Soybean, and Maize

3.1.1 � Leaf Silicon Concentration

In soybean (Fig. 2a), SiAl, SiAc, and Nano at concentra-
tions of 0.25 and 0.50 g L−1 showed the same efficiency to 
increase the leaf Si concentration in the crops; however, at 
the highest concentration studied (1.00 g L−1 Si), SiAl was 
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more efficient. SiK showed lower efficiency in increasing the 
leaf Si concentration of soybean plants in all concentrations 
studied compared to the other sources. The increase in the 
Si concentrations applied resulted in a quadratic increase 
in the leaf Si content, reaching the maximum contents of 
2.00, 1.72, 1.71, and 1.57 g kg−1 with SiAl, SiAc, Nano, and 
SiK, respectively. In addition, the leaf Si content increased 
with all Si sources, peaking at Si the concentrations of 0.77, 
0.58, 0.69, and 0.96 g L−1 for SiAl, SiAc, Nano, and SiK, 
respectively.

In cotton plants (Fig. 2b), SiAl was the most efficient 
source to increase the leaf Si content in all sources studied. 
In the application of Si at concentrations equal to 0.25 and 
0.50 g L−1, SiAc and Nano were more efficient to increase 
the leaf Si content compared to SiK, without differing 
between them, and at the concentration of 1.0 g L−1 Si, the 
SiAc was more efficient in increasing the leaf Si content 
compared to Nano and SiK, which did not differ from each 
other. The increase in the Si concentration applied increased 
the leaf Si content in cotton plants. The leaf Si content 
increased linearly, reaching 5.7 g L−1 at the highest Si con-
centration (1.00 g L−1) with the use of SiAc. The other Si 

sources presented quadratic adjustment as a function of the 
increase in the Si concentration applied, reaching the maxi-
mum points at concentrations of 0.97, 0.71, and 0.93 g L−1 
Si, which obtained contents of 6.70, 3.61, and 3.00 g kg−1 
for SiAl, Nano, and SiK, respectively. The foliar spraying of 
Si in cotton plants promoted an increase in leaf Si content, 
with the maximum values ​​obtained at the concentrations 
of 0.97, 0.71, and 0.93 g L−1 Si with SiAl, Nano, and SiK, 
respectively (Fig. 2b).

In maize, SiAl, SiAc, and Nano were more efficient in 
comparison to SiK in increasing the leaf Si content in all 
studied concentrations. The increase in the Si concentration 
applied resulted in an increase with quadratic adjustment 
in the leaf Si content, reaching a maximum point at Si con-
centrations up to 0.70, 0.72, 0.73, and 0.71 g L−1, which 
obtained contents of 26.7, 26.0, 25.4, and 22.4 for SiAl, 
SiAc, Nano, and Sik, respectively (Fig. 2a).

3.1.2 � Photosynthetic Variables

In soybean, there were no differences between Si sources 
for transpiration (Fig. 3a), stomatal conductance (Fig. 3c), 

Fig. 2   Leaf silicon (Si) content 
in soybean (a), cotton (b), 
and maize (c) cultivated with 
different foliar-applied sources 
(S): sodium and potassium 
stabilized with sorbitol (SiAl); 
monosilicic acid stabilized with 
PEG400 (SiAc); nanosilica 
Bindzil® (Nano); and potas-
sium silicate without stabilizer 
(SiK); and different concentra-
tions (c) of Si (Season 2016/17). 
Different letters indicate a 
different source at the same 
Si concentration according to 
Tukey’s test at 5% probability. 
** significant at 1% probability 
according to the F-test Silicon concentration (g L-1)
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and photosynthetic rate (Fig. 3e). However, the increase 
in the Si concentrations increased transpiration, stomatal 
conductance, and photosynthetic rate with quadratic adjust-
ment, peaking at 13.5, 0.99, and 31.0 mmol m−2 s−1 at 0.65, 
0.66, and 0.61 g L−1 Si for transpiration (Fig. 3a), stomatal 
conductance (Fig. 3c), and photosynthetic rate (Fig. 3e), 
respectively.

In cotton, the application of Si using SiAc stood out from 
the other Si sources at the concentrations of 0.25 and 0.50 g 
L−1, promoting higher transpiration rates, with no difference 
being observed between the other sources at these concen-
trations. At the concentration of 1.00 g L−1, Si sources did 

not differ among them for the transpiration variable. The 
increase in Si contents increased transpiration with quad-
ratic adjustment, reaching a maximum point of 9.79, 11.14, 
9.09, and 9.70 mmol m−2 s−1 with the application of 0.59, 
0.51, 0.55, and 0.51 g L−1 Si for SiAl, SiAc, Nano, and SiK, 
respectively (Fig. 3b).

The application of Si as SiAc at concentrations of 0.50 
and 1.00 g L−1 Si also resulted in the highest stomatal con-
ductance for cotton plants, with no difference being observed 
between the other Si sources at these Si concentrations. At 
the Si concentration equal to 0.25 g L−1, Si sources did 
not differ between them for the transpiration variable. The 

Fig. 3   Transpiration (a, b), 
stomatal conductance (c, d), 
and photosynthetic rate (e, f) in 
soybean and cotton grown under 
different foliar-applied sources 
(S): sodium and potassium 
stabilized with sorbitol (SiAl); 
monosilicic acid stabilized with 
PEG400 (SiAc); nanosilica 
Bindzil® (Nano); and potas-
sium silicate without stabilizer 
(SiK); and different concentra-
tions (c) of Si (2016/17 grow-
ing season). Different letters 
indicate a different source at the 
same Si concentration according 
to Tukey’s test at 5% probabil-
ity; ** e ns—significant at 1% 
probability and non-significant 
according to the F-test, respec-
tively
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stomatal conductance increased as a function of the increase 
in the Si concentration applied, reaching 0.57, 0.73, 0.55, 
and 0.59 mmol m−2 s−1 at 0.67, 0.64, 0.56, and 0.65 g L−1 
Si for SiAl, SiAc, Nano, and SiK, respectively.

The application of SiAc also resulted in the highest pho-
tosynthetic rate at the concentration of 0.25 g L−1 Si, not dif-
fering from SiAl and SiK, while the application of Si in the 
Nano form resulted in the lowest photosynthetic rate, without 
differing from the SiAl and SiK sources. At Si concentra-
tions equal to 0.50 and 1.00 g L−1, the use of SiAc and SiK 
resulted in the highest photosynthetic rate, without differing 
between Si sources, while the application of Nano and SiAl 
presented the opposite effect, promoting the lowest photosyn-
thetic rates, without differences between them. The increase 
in the Si concentration applied resulted in an increase in the 
photosynthetic rate with quadratic adjustment, reaching a 
maximum point of 26.7, 29.8, 24.4, and 28.8 mmol m−2 s−1 
at the concentrations of 0.59, 0.60, 0.63, and 0.65 g L−1 Si for 
SiAl, SiAc, Nano, and SiK, respectively (Fig. 3f).

3.1.3 � Yield

In soybean, the application of SiAl and SiAc resulted 
in the greatest increase in grain yield when applied at a 
concentration of 0.25 g L−1 Si, without differing between 

them. However, when used at concentrations of 0.5 and 
1.00 g L−1 Si, SiAl stood out, presenting higher yield, 
followed by SiAc, Nano, and SiK, which did not present 
differences between them. The increase in the Si concen-
tration increased soybean yield until the concentration of 
0.67, 0.53, 0.56, and 0.60 g L−1 Si, with total grain yields 
of 82.2, 71.9, 70.51, and 74.5 kg  ha−1 for SiAl, SiAc, 
Nano, and SiK, respectively (Fig. 4a).

In cotton, fiber + seeds yield was higher in plants that 
received Si at a concentration of 0.25 g L−1 using SiAl, 
without differences from SiAc and SiK. In addition, at 
this Si concentration, the Nano source provided the lowest 
value and presented the lowest fiber + seeds yield, without 
differing from SiAc and SiK. At the Si concentration of 
0.50 g L−1, SiAl showed the highest fibers + seeds yield, 
followed by Nano and SiAc, which did not present differ-
ences between them, while SiK presented the lowest yield. 
At the highest Si concentration studied, 1.00 g L−1, SiAl 
obtained the greatest yield increase, followed by the other 
sources, which did not differ from each other. The increase 
in the Si concentration increased the fiber + seeds yield 
with quadratic adjustment, obtaining the maximum point 
at concentrations of 0.56, 0.51, 0.54, and 0.52 g L−1 Si, 
with yields of 2298.3, 2568.8, 2593.7, and 2566.4 kg ha−1 
for SiAl, SiAc, Nano, and SiK, respectively (Fig. 4c).

Fig. 4   Yield of soybean (a), 
cotton (b), and maize (c) 
cultivated with different foliar-
applied sources (S): sodium 
and potassium stabilized with 
sorbitol (SiAl); monosilicic acid 
stabilized with PEG400 (SiAc); 
nanosilica Bindzil® (Nano); 
and potassium silicate without 
stabilizer (SiK); and different 
Si concentrations (c) (2016/17 
growing season). Different let-
ters indicate a different source 
at the same Si concentration 
according to Tukey’s test at 5% 
probability; ** e ns—significant 
at 1% probability and non-sig-
nificant according to the F-test, 
respectively
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The application of Si at a concentration of 0.25  g 
L−1, in the form of SiK, resulted in the highest yield for 
maize plants, followed by SiAc, SiAl, and Nano, which 
did not differ from each other. However, the Si concentra-
tions of 0.50 and 1.00 g L−1 using SiAl resulted in the 
highest yield, followed by SiAc and SiK, without differ-
ences between them, and Nano. The yield of maize grains 
increased as the Si concentration increased up to the con-
centrations of 0.77, 0.62, 0.63, and 0.65 g L−1, with yields 
of 6284.8, 6143.7, 5427.7, and 6160.3 kg ha−1, for SiAl, 
SiAc, Nano, and SiK, respectively.

3.2 � Study 2—Sorbitol‑Stabilized Sodium 
and Potassium Silicate and Potassium Silicate 
for Foliar Application Increase Cotton, Soybean, 
and Maize Yield

3.2.1 � Leaf Silicon Concentration

In soybean plants, there was no difference between the 
Si sources applied, although both SiK and SiAl provided 
higher leaf Si contents compared to the control treatment; 
in maize and cotton plants, the application of Si in the form 
of SiAl resulted in a greater increase in the leaf Si content, 

followed by the application of Si using SiK and by the 
control plants (Fig. 5a).

3.2.2 � Photosynthetic Variables

In soybean plants, leaf Si application in the form of SiK and 
SiAl increased transpiration (Fig. 5b), stomatal conductance 
(Fig. 5c), and photosynthesis (Fig. 5d) when compared to the 
control treatments, with no difference between Si sources. 
In maize plants, Si application in the form of SiAl pro-
moted higher transpiration (Fig. 5b), stomatal conductance 
(Fig. 5c), and photosynthetic rates (Fig. 5d) compared with 
SiK, although both sources differed from the control treat-
ment (without Si).

3.2.3 � Yield

Foliar spraying of Si in the form of SiAl was superior to 
the spraying of SiK for soybean, cotton, and maize yields 
(Fig.  6). In soybean, the application of SiAl increased 
yield by 39% (119.9 kg  ha−1), while the application of 
Si K increased yield by 22% (104.8 kg  ha−1) compared 
to the control (86 kg ha−1); in cotton, the application of 
SiAl increased yield by 39% (2843.5 kg ha−1), while the 

Fig. 5   Leaf Si content in soy-
bean, cotton, and maize (a) and 
transpiration (b), stomatal con-
ductance (c), and photosynthetic 
rate (d) in soybean and maize 
plants with no leaf Si applica-
tion (No Si) and application of 
0.6 g L−1 of Si in the form of 
SiK and SiAl (2017/18 grow-
ing season). Different letters 
indicate a different source in the 
same crop studied
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application of SiK increased yield by 16% (2378.9 kg ha−1) 
in relation to the control treatment (2043.8y kg ha−1). In 
maize, the application of SiAl increased yield by 42% 
(6994.4 kg ha−1), while the application of SiK increased 
yield by 15% (5611.8 kg ha−1) in relation to the control treat-
ment (4904.4 kg ha−1).

4 � Discussion

The efficiency of the foliar application of Si depends on 
the source and concentration of Si applied (Souza Junior 
et al. 2020), and despite SiK being the main Si source for 
foliar application in crops (Laane et al. 2018), innovative 
sources of Si such as SiAl, SiAc, and Nano promote higher 

leaf Si contents for soybean, maize, and cotton plants. The 
greater efficiency of innovative sources such as SiAc and 
SiAl may be due to the greater stability of the monomeric 
species of Si in solution in these sources, which is promoted 
by the presence of stabilizers, such as PEG400 or sorbitol, 
respectively (Souza Junior et al. 2020). Sorbitol is a poly-
alcohol that provides greater solution stability, decreasing 
the polymerization rate of monosilicic acid in solution and 
lowering the deliquescence point of the solution on the leaf 
surface (Kubicki and Heaney 2003), while PEG400 may 
decrease the clustering of monomeric Si species and the 
polymerization process, as well as increasing viscosity, 
decreasing water evaporation on the leaf surface (D’souza 
and Shegokar 2016). Si nanoparticles do not have stabilizers. 
However, Nano was superior to SiK in increasing the leaf 
silicon content of soybean, cotton, and maize, as Nano-SiO2 
is a material that exhibits particles in a nanomeric scale (Le 
et al. 2014), thereby facilitating the leaf absorption process 
(Oliveira et al. 2019b).

It is important to highlight that despite being less effi-
cient than the innovative sources of Si, SiK was also effi-
cient in increasing the leaf Si content in soybean, cotton, and 
maize in relation to the control treatment, thus being also 
an efficient source for foliar application. Once absorbed, Si 
is deposited in the cells of the leaf epidermis and in guard 
cells of the stomata, forming a Cuticle-Si double layer 
(Keller et al. 2015), which may affect gas exchanges. In the 
literature, information on the effect of Si on gas exchange 
is contradictory, as while some studies have found that Si 
decreases gas exchanges (Ahmed et al. 2020; Barros et al. 
2018; Hussain et al. 2020), other studies have shown that the 
application of Si increases gas exchanges (Flores et al. 2018; 
Liu et al. 2014). Chen et al. (2018) underscored that these 
conflicting results are caused by the variation in the spe-
cies studied, with a tendency for Si to reduce transpiration 
in plants that received a high concentration of the element. 
This may occur due to Si polymerization on the leaf surface, 
forming a crust and decreasing gas exchanges, as according 
to Haynes (2019), the increased concentration of this ele-
ment in the solution increases the risks of the formation of 
polysilicic acid and silica gel.

Studies with foliar spraying of Si in annual crops do not 
explore the importance of Si sources and the relationship 
of foliar contents with crop yield, making it difficult to 
use foliar analysis to guide the use or management of Si 
application in the field. The beneficial effect of the foliar 
Si application was confirmed by the increase in yield, par-
ticularly for SiAl at the intermediate dose, since it pro-
moted high contents of the element in the leaves of the 
crops studied. It is important to underscore that the ideal 
Si concentration in the leaf spray solution varied between 
crops. This may be due to the difference in Si absorp-
tion by leaves, since plant tissues differ between species 
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(Chacalis et al. 2001; Monquero et al. 2004). The positive 
effect of the foliar spraying of Si on the basic physiology 
of plants, increasing transpiration, stomatal conductance, 
and photosynthesis, which was also observed in the pre-
sent study, has been reported in the literature for soybean 
(Barros et al. 2018; Hussain et al. 2021; Shwethakumari 
and Prakash 2018), cotton (Barros et al. 2019; Leal et al. 
2021; Souza Junior et al. 2019, 2020), and maize plants 
(Galindo et al. 2020; Hosseini et al. 2019; Ibrahim et al. 
2020). Another important aspect that contributed to favor 
the benefits of Si on crop yield may be the fact that three 
or four sprayings were performed in all the experiments. 
This may have enriched a larger number of leaves with Si 
in the plants, favoring its biological effect, as according to 
Moreira et al. (2010), foliar sprayings of Si only increase 
the yield of annual crops with at least three applications.

In the literature, it is indicated that the responses of crops 
to the supply of Si predominate especially under stress con-
ditions (Prado 2021). However, in this study, the response of 
annual crops under nutritional sufficiency was observed, and 
the number of studies addressing plants under nutritional 
sufficiency is restricted; hence, it is important to expand the 
research in stress-free field crops. It was shown that the opti-
mal leaf Si contents associated with maximum yield varied 
according with the crop and source used. In the soybean crop 
that had Si applied as SiK, the optimal Si concentration in 
the foliar spray solution is similar to that indicated by Felis-
berto et al. (2020) in soybean using the same source (1.47 g 
L−1) and lower than that of other species, since this plant 
does not accumulate Si. The highest optimal leaf Si contents 
were recorded for the maize crop, as according to Deshmukh 
et al. (2020), this crop displays a high Si absorption capac-
ity, being an accumulator of this element in the leaves. For 
the first time, the optimal Si concentrations in the solution 
were established according to the Si source used in foliar 
spraying for three important annual crops: soybean, cotton, 
and maize. This finding has other practical implications as 
soybean, cotton, and maize crops, which have relatively low 
leaf Si contents, that is, lower than the optimal concentra-
tions indicated above, may present positives responses to 
foliar Si application. This unprecedented information could 
be used to make a decision regarding the indication of foliar 
spraying, contributing to ensure greater efficiency in the use 
of Si in agriculture for these three species, using foliar analy-
sis as a criterion to indicate the use of Si.

Thus, we can accept the hypotheses tested, indicating that 
innovative sources of Si for foliar application are efficient 
in providing the beneficial element to soybean, cotton, and 
maize crops due to presenting greater increases in leaf Si 
concentration than SiK. We proved that after absorption, Si 
favors physiological aspects, and the innovative source of Si 
SiAl stood out for achieving the highest yield for the three 
crops over two growing seasons.

5 � Conclusions

The stabilized sodium and potassium silicate is a new option 
in relation to the conventional source, potassium silicate, for 
foliar fertilization with silicon in annual crops. Our study 
proposes the use of this source for the foliar spraying of Si 
at a concentration between 0.6 and 0.8 g L−1, for soybean, 
cotton, and maize crops, especially when the foliar contents 
of the element are below 2.0, 5.5, and 26.6 g kg−1, respec-
tively. The perspective is that the foliar spraying of Si will be 
used even in stress-free field crops and, when supported by 
adequate recommendation, should contribute to the efficient 
use of the foliar spraying of Si, strengthening the sustain-
ability of annual crops, as it is known that the contents used 
are relatively low when compared to soil applications, not 
posing risks to the environment.
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