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Abstract: This article presents the results of a study on the effect of fluorine pollution of soil, including
soil amendments, on the concentration of sodium and sulphur in six species of crops. The experiment
consisted of six pot trials performed in a greenhouse. Two factors were taken into consideration:
(I) Increasing doses of fluorine (0, 20, 40, and 60 mg F kg*1 of soil for narrow-leaf lupine and 0,
100, 200, and 300 mg F kg~ of soil for yellow lupine, winter oilseed rape, spring triticale, black
radish, and phacelia) and (II) neutralizing substances (lime-1 HAC, charcoal and loam-3% relative
to the soil mass). The highest sodium content was in t roots of winter oilseed rape, and the lowest
was in the grain of spring triticale. Large differences were detected in the Na content between the
analyzed organs of phacelia. The roots of this plant contained 16-fold more sodium than aerial parts.
The highest average content of sulphur was in yellow lupine aerial parts, and the lowest was in
spring triticale aerial biomass. The increasingly severe soil pollution with fluorine, in most cases,
led to a decline in the sodium and sulphur content in the analyzed crops. The highest degree of
soil contamination with fluorine had the strongest negative effect in this regard. The content of the
analyzed macronutrients concerned the species and organs of a crop, the dose of the tested xenobiotic,
and the substance applied to soil for the inactivation of fluorine. A decrease in the sodium content in
most of the tested crops could be attributed to the fact that fluorine ‘reacts’, i.e., binds sodium into
compounds that are hardly soluble in water, thereby limiting sodium phytovailability.
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1. Introduction

Fluorine belongs to earth elements present in high quantities with approximately
950 mg F kg ! of the earth’s crust (13th most abundant element) [1,2]. In nature, this el-
ement mainly occurs in deposits of fluorite, cryolite, topaz, and fluorapatite. The world
resources of fluorspar are estimated at approximately 230 million tons, with China, Mongo-
lia, Mexico, and South Africa having almost half of the resources of this mineral [3]. No
economically significant fluorspar deposits have been identified in Poland and therefore
it has never been mined in our country. Insignificant amounts of synthetic fluorspar are
obtained by Chemical Plant Siarkopol Tarnobrzeg Sp. z o.0. (Tarnobrzeg, Poland) during
the production of phosphoric acid from phosphorites. The total Polish demand for this
mineral is provided by importation, primarily from Mexico, Germany, and the Czech Re-
public. When it comes to phosphorite deposits, there is currently no mining of this deposit
in Poland, and the entire demand for this raw material is covered by imports from other
countries, primarily from Algeria, Morocco, Egypt, and Syria. The national consumption of
phosphate rock is determined by the needs of agriculture and limited by the production
capacity of large fertilizer industry plants, which include: Chemical Plant Police S.A., GZNF
Fosfory Sp. z 0.0. (AZOTY Group), Luvena S.A., Chemical Plant Siarkopol Tarnobrzeg
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Sp. z 0.0., Fosfan S.A. There are a number of environmental problems associated with the
processing of phosphate deposits. This applies especially to the so-called phosphogypsum,
generated as waste in huge amounts in the wet production of phosphoric acid (Chemical
Plant Police S.A., GZNF Fosfory Sp. z 0.0. (AZOTY Group), and Chemical Plant Wizéw).
Phosphogypsum contains significant amounts of fluorine, uranium, and a number of other
trace elements that should be recovered or neutralized, otherwise they pose a significant
threat to the natural environment [4]. Santos et al. [5] found during their research that
phosphogypsum, in addition to gypsum and basanite (~95%), contains fluorine (0.5-1.5%),
orthophosphates, phosphates, sulphates, and elements such as Cd, Cr, Pb, Hg, As, B, Cu,
Mg, Mo, Sc, Hf, Zn, Sr, and Ba, as well as elements from the lanthanide family (Ce, Eu, La,
Lu, Nd, Sm, Tb, and Yb) and compounds of radioactive elements such as U, Th, Ra, and Po.
In order to imagine the scale of the problem, it is worth providing the example of one of
the largest heaps of phosphogypsum in Poland, located near the village of Wiélinka near
Gdansk. The landfill covers an area of 36 ha, where over 16 million tons of phosphogypsum
have been deposited over 30 years, and the height of the heap reaches 40 m. After the
end of the operation, attempts were made to reclaim the heap by covering it with dry
sewage sludge and then sowing appropriate plant species to protect the surface against
erosion [6]. The impact of such a heap on the natural environment is very unfavorable,
mainly due to the constant dusting from the surface of the heap, the emissions released into
the atmosphere of all types of toxic compounds including fluoride, and their penetration
into the deeper layers of soil, surface, and ground waters. Reclamation of this type of
landfill is very problematic, primarily due to the unfavorable physicochemical properties
of the soil, the complete absence of organic matter, and a very low reaction. The selection
of appropriate plant species also poses a serious problem and is usually performed via the
trial method [7].

In soil, fluorine binds to other soil native elements, such as aluminum (Al), calcium
(Ca), iron (Fe), or siltstone minerals, forming stable fluorine compounds. Factors that
considerably alter the mobility of fluorine are the soil reaction and the presence of aluminum
and calcium complexes in the soil. Romar et al. [8] claimed that fluorine in calcium-rich soils
binds to insoluble compounds, such as CaF,, or apatite compounds of approximately the
same composition, thus limiting fluorine availability to plants. Kau et al. [9-11] indicated
that fluorine has a high affinity to aluminum in loam. Fluorine is easily bound to loam
via an anion exchange process. Fluorine is bound by magnesium and calcium, forming
hardly soluble compounds. Magnesium and calcium are found in large amounts in loam.
The stress induced by the presence of fluorine compounds manifests itself as changes in
the physicochemical properties of soil, which in turn influences the chemical composition
of crops [12]. Fluorine acts as a xenobiotic even when present in low concentrations, and
in areas where fluorine emissions are elevated, e.g., in the vicinity of phosphate plants,
aluminum plants, steelworks, glassworks, earthenware plants, and municipal heat and
power plants [13], this element accumulates heavily in soils and plants, reducing the yields
and yield quality of crops [14-18]. It is therefore essential to constantly monitor the content
of this element in agricultural products, especially when crops are grown in such areas as
mentioned above. The relevant references still lack sufficient amounts of data on the effect
of fluorine on the content of macronutrients in plants, hence this study was conducted to
explore the influence of soil contamination with fluorine on the content of sodium and
sulphur in crops under the conditions of lime, charcoal, and loam applications. The results
presented in this study are a continuation of previously published works from widely
undertaken research on the simulation of soil contamination with fluoride and its impact,
among others on the content of this contaminant in plants [2], the yield development
and content of nitrogen components [19], the content of calcium and magnesium [20], or
publications on the impact of fluoride on the content of endo- and exogenous amino acids
in maize and yellow lupine [21].

Sulphur is an important nutrient for plants, and cruciferous plants including rapeseed,
radish, cabbage, and legumes show a particularly high demand for this element. The most
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important organic compounds of sulphur include sulphuric amino acids, i.e., cystine and
cysteine, which are the redox system of plants. They play a significant role in the nitrogen
management of plants. Plants uptake sulphur from the soil in the form of SO42~ and SO,
ions from the air. With a sulphur deficiency, plants have small, pale green leaves and thin
stems with heavily woody strengthening tissue. Adequate sulphur levels not only increase
yields but also improve their quality by reducing the content of nitrates and increasing
the number of carotenes in feed and oil in oilseeds. Well-met needs of plants regarding
this ingredient increase their resistance to frost and drought. In turn, excess sulphur in
the environment deteriorates soil properties and leads to plant poisoning. This occurs
especially in industrial districts, which should be remembered when selecting mineral
fertilizers for the plants grown there.

In turn, on one hand, sodium does not fulfill the criterion of a plant nutrient and is
classified rather as a minor component. On the other hand, it is a valuable component of
plants used as animal feed. Therefore, sodium is regarded as a useful element. Adequate
sodium in feed is an important factor in determining animal performance. For example,
to cover the daily sodium requirement of dairy cows, approximately 2 g per kg should
be added to basic feed. Very often, however, the average sodium level in the biomass of
grassland significantly deviates from the required standard and ranges between 0.1and 1 g
per kg of dry matter. Its deficiency leads to a loss of appetite, loss of milk yield, and weight
loss, and even deterioration of health and fertility. Sodium has a beneficial effect not only
on the physiology of nutrition, but it also increases the taste of green fodder.

In the undertaken research, it was hypothesized that increasing doses of fluoride
reduce the sodium and sulphur supply in plants, which may be limited by the substance
applications (lime, charcoal, and loam) in the soil.

2. Materials and Methods
2.1. Pot Experiment

The research was based on six pot experiments that were carried out in a greenhouse
belonging to the University of Warmia and Mazury in Olsztyn 53.78° N /20.49° E (north-
eastern Poland) in 2009-2011. The pots were filled with soil in the amount of 9 kg, gathered
from the humus layer of brown soil with a loamy sand textural composition (<0.002 mm-
1.89%; 0.002-0.050 mm-~-18.61%; >0.050 mm-79.50%) [22]. The soil reaction was 5.89 in H,O
and 4.43 in 1 M KCI dm 3, while its hydrolytic acidity (HAC) was 30.7 mM(+) kg~! dry
matter (DM). The content of available forms of macroelements in the soil was 43.2 mg P,
124.5 mg K, and 30.0 mg Mg kg ~! DM of soil. In addition, the soil contained: 6.0 g kg~! DM
of organic carbon, 0.62 g kg~! DM of total nitrogen, and 125 mg kg~ DM of total fluorine.
Lime, charcoal, and loam were used to immobilize fluorine in soil. The specification of the
basic chemical properties of lime, charcoal, and loam are presented in Table 1.

Table 1. Chemical composition of substances added to soil in order to inactivate fluorine.

Element (g kg—1 DM)

Material
F P K Mg Ca Na
Lime (CaO) 0.50 0.12 0.75 2.55 339.21 0.09
Charcoal 2.00 0.71 9.30 2.62 7.33 0.79
Loam 0.088 0.40 21.0 17.7 23.92 7.99

2.2. Plant Material

The test plants were yellow lupine (Lupinus luteus L.), winter oilseed rape (Brassica
napus L.), spring triticale (Triticosecale Wittm.), narrow-leaf lupine (Lupinus angustifolius L.),
black radish (Raphanus sativus), and phacelia (Phacelia Juss.).

Two factors were considered in the research. The first-order factor was soil contami-
nation with fluorine, applied as potassium fluoride (commercial form), while the second
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factor consisted of the comparison of three substances (lime, charcoal, and loam) added to
soil to alleviate the fluorine pollution of soil.
The soil pollution with fluorine, depending on the sensitivity of the test plants, was:

e 0,20,40, and 60 mg F kg_1 of soil for narrow-leaf lupine.

e 0,100,200, and 300 mg F kg’l of soil for yellow lupine, winter oilseed rape, spring
triticale, black radish, and phacelia.

The choice of these doses was based on the average total fluorine content in Polish soils
according to Kabata-Pendias [23]. With respect to narrow-leaf lupine, the soil contamination
with fluorine was lower than in the other trials because papilionaceous plants are more
sensitive to the presence of different xenobiotics in the soil. In addition, the sensitivity of
plants to soil fluoride contamination was estimated from preliminary studies conducted
prior to setting up this pot experiment. Another plant sensitive to fluorine soil pollution was
yellow lupine. In this case, the residual effect of fluorine soil pollution was investigated.

The materials neutralizing the fluorine soil contamination were lime (in an equivalent
dose of 1 hydrolytic acidity-HAC of soil) and charcoal and loam in amounts of 3% relative
to the mass of soil in a pot. Additionally, NPK mineral fertilization was added to the soil in
identical doses for all pots to cover the demand for plant nutrients. Nitrogen was applied
in a dose of 11 mg N (urea), phosphorus of 48 mg P (triple superphosphate 46%), and
potassium of 111 mg K kg ! of soil (potassium salt 57%). Before setting up the experiment,
the soil was dried and sieved (1 cm sieve diameter). A batch of soil weighing 9.0 kg was
thoroughly mixed with the mineral fertilizers and with fluorine and neutralizing substances
and transferred to adequately labelled pots. Each object was performed in triplicate. Next,
the test crops were sown, finally leaving 13 plants per pot except for the trial with black
radish, where 8 plants per pot were left to grow. During the plant growth and development,
the soil moisture in the pots was constant (60% of capillary water capacity). Yellow lupine
and narrow-leaf lupine were harvested at the flowering stage (BBCH 65), winter oilseed
rape at the flowering stage (BBCH 65), spring triticale at the stage of full grain maturity
(BBCH 89), phacelia at the stage of full flowering (BBCH 65), and black radish at the final
stage of root development (BBCH 49).

2.3. Methods of Laboratory Analysis

During the harvest, samples of plants” aerial parts and roots for laboratory analyses
were collected. These samples were cut and dried at a temperature of 60 °C. After drying,
the plant material was milled.

Soil analysis before the start of the experiment was performed using the following
methods and the apparatus listed below:

o  Texture composition—laser diffraction apparatus Mastersizer 2000 Hydro G dispersion
unit-Malvern, UK [24].

pHxc—potentiometric method [25].

Hydrolytic acidity (HAC)—the Kappen method [25].

Total organic carbon (TOC)—Shimadzu TOC-L CSH/CNS analyzer (Kyoto, Japan) [26].
Total nitrogen—the Kjeldahl method [27].

Available phosphorus and potassium—the Egner-Riehm method [28].

Available magnesium—the Shachtschabel method [28].

Total fluorine—the X-ray fluorescence spectrometry method (XRF), Philips WD-XRF
PW 2004 (Philips Research Corporation, Eindhoven, The Netherlands).

The content of sodium was determined by atomic emission spectrometry (AES) us-
ing SpectrAA-240FS (Varian Inc., Mulgrave, Australia) and detected at a wavelength of
589.6 nm. The plant samples were previously wet—ashed in 95% concentrated sulphuric
acid with the addition of 30% HyO,. The optimal range for sodium at a wavelength of
589.6 nm was 0.01 mg L~! (limit of detection) to 2 mg L~ (limit of quantification). The
maximal limit of quantification SpectrAA-240FS for sodium was 400 mg L~! [28]. The total
sulphur content was analyzed with the nephelometric method based on measurements of
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the turbidity of a solution in which sulphur was precipitated by barium chloride. The Cecil
CE 7400 Double Beam UV /VIS spectrophotometer (Cecil Instruments Ltd., Cambridge,
UK) was used in the determinations at a wavelength of 425 nm [28]. The limits of detection
and quantification for sulphur were 0.1 mg L~! and 35 mg L™}, respectively. The content
of sulphur in the plants was analyzed in the aerial biomass of yellow lupine, winter oilseed
rape, narrow-leaf lupine, and phacelia and the grain of spring triticale.

2.4. Statistical Analysis

Research results were processed statistically calculated using a Statistica software
package, according to ANOVA variance two-factorial analysis and least significant differ-
ences (LSD) [29]. Relationships between fluorine contamination of soil and the content of
sodium and sulphur in plants were determined using multinomial regression equations,
Pearson’s simple correlations, and the principal component analysis (PCA) [29].

3. Results and Discussion

The content of macronutrients in plants is affected by many factors, of which the most
important are the species, variety, and organs of a plant. This was confirmed in our study,
in which—apart from the above factors—an important role in the shaping of the content
of the two analyzed macronutrients was played by the level of soil contamination with
fluorine and the soil application of substances immobilizing this xenobiotic (Tables 2-5).

Table 2. Sodium content in yellow lupine, winter oilseed rape, and narrow-leaf lupine in g Na kg_1 DM.

Type of Neutralizing Substance

Without

Fluorine n . Mean
Dose in Neutralizing Lime Charcoal Loam
mg kg1 Substance
of Soil ?,?:;1 Roots ?,e;:tzl Roots ?’?:tzl Roots ?’iltzl Roots ?’il:tzl Roots
Yellow lupine
0 5.12 1.86 423 1.96 3.65 1.07 497 1.23 4.49 1.06
100 4.50 1.56 4.19 1.35 3.43 0.87 4.84 0.98 4.24 1.19
200 4.42 1.34 4.07 1.24 3.17 0.77 4.80 0.90 4.12 0.98
300 4.38 0.86 3.93 1.19 2.94 0.71 4.75 0.85 4.00 0.90
Mean 4.61 1.41 4.10 1.43 3.30 0.85 4.84 0.99 - -
r —0.83 ** —0.99 ** —0.87 ** —0.87 ** —0.91 ** —0.94 ** —0.65* —0.93 ** - -
LSD for: aerial parts a—0.09; b—0.09; a-b—0.18; roots a—0.02; b—0.02; a-b—0.04
Winter oilseed rape
0 2.46 11.13 2.00 11.72 1.47 7.57 1.96 11.28 1.97 10.43
100 1.63 9.79 1.68 9.79 1.41 6.23 1.64 9.94 1.59 8.94
200 1.59 9.05 1.64 8.83 1.37 5.86 1.59 7.42 1.55 7.79
300 1.60 8.01 1.60 8.24 1.30 5.19 1.55 7.12 1.51 7.14
Mean 1.82 9.50 1.73 9.64 1.39 6.21 1.68 8.94 - -
r —0.79 ** —0.98 ** —0.86 ** —0.96 ** —0.76 ** —0.94 ** —0.87 ** —0.96 ** - -
LSD for: aerial parts a—0.03; b—0.03; a-b—0.07; roots a—0.18; b—0.18; a-b—0.36
Narrow-leaf lupine
0 1.72 1.63 2.02 1.34 2.03 1.86 1.82 1.42 1.90 1.56
20 1.87 1.13 2.23 0.82 211 0.96 1.71 1.16 1.98 1.02
40 1.96 0.89 2.08 0.78 1.84 0.86 1.47 1.11 1.84 0.91
60 1.44 0.74 1.60 0.74 1.62 0.61 1.37 1.05 1.51 0.79
Mean 1.75 1.10 1.98 0.92 1.90 1.07 1.59 1.18 - -
r —0.42 —0.96 ** —0.67* —0.84 ** —0.83 ** —0.91 ** —0.97 ** —0.91 ** - -
LSD for: aerial parts a—0.04; b—0.04; a-b—0.08; roots a—0.02; b—0.02; a-b—0.04

LSD (least significant difference) for a—F soil contamination; b-neutralizing substance; a-b—interaction;
*—correlation coefficient (r) significant for p = 0.05; **—correlation coefficient (r) significant for p = 0.01.
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Table 3. Sodium content in black radish, phacelia, and spring triticale in g Na kg~! DM.
Type of Neutralizing Substance
Fluorine . .
Dose Without Neutralizing LIME Charcoal Loam Mean
in mg Substance
kgl of  Aerial . . . .
Soil Parts Roots Aerial Parts Roots Aerial Parts Roots Aerial Parts Roots Aerial Parts Roots
Black radish
0 3.21 1.28 2.54 1.19 2.61 1.12 3.26 1.51 291 1.25
100 2.87 1.26 2.40 1.12 2.61 1.09 2.88 1.37 2.69 1.21
200 2.73 1.22 2.25 1.06 223 1.01 2.70 1.20 248 1.12
300 2.69 1.16 1.93 1.00 1.98 0.98 2.63 1.10 2.31 1.06
Mean 2.87 1.23 2.28 1.09 2.36 1.05 2.87 1.30 - -
ro 00 g A E - -
LSD for: aerial parts a—0.06; b—0.06; a-b—0.12; roots a—0.02; b—0.02; a-b—0.05
Phacelia
0 0.33 7.05 0.28 7.12 0.27 6.83 0.47 7.42 0.34 7.10
100 0.33 6.23 0.28 6.23 0.27 5.94 0.54 5.94 0.35 6.08
200 0.39 529 0.28 527 0.28 5.19 0.53 5.49 0.37 531
300 0.42 522 0.32 5.27 0.24 445 0.38 4.79 0.34 5.93
Mean 0.37 5.95 0.29 5.97 0.26 5.60 0.48 591 - -
r 0;23 —0.95 ** 0.76 ** ’9,;94 —0.49 ’9;98 —0.49 ’9;% -
LSD for: aerial parts a—0.008; b—0.008; a-b—0.016; roots a—0.13; b—0.13; a-b—0.26
Spring triticale
grain  straw  roots  grain straw  roots  grain straw  roots  grain straw roots  grain straw roots
0 0.01 0.29 0.19 0.01 0.37 0.16 0.01 0.36 0.18 0.01 0.30 0.17 0.01 0.33 0.17
100 0.01 0.32 0.22 0.02 0.37 0.22 0.01 0.38 0.21 0.01 0.33 0.22 0.01 0.35 0.22
200 0.01 0.33 0.22 0.01 0.40 0.21 0.01 0.43 0.22 0.01 0.38 0.21 0.01 0.38 0.21
300 0.03 0.52 0.22 0.03 0.52 0.22 0.03 0.52 0.23 0.03 0.42 0.22 0.03 0.50 0.22
Mean 0.02 0.36 0.21 0.02 0.42 0.20 0.02 0.42 0.21 0.02 0.36 0.20 - - -
0.77 0.86 0.74 0.86 0.76 0.77 0.92 0.87 0.77 0.99 0.75
r *% *% *% 0.67* *% *% *% *% *% *% *% *% - - -
LSD for: seed a—0.004; b—0.004; a-b—0.009; straw a—0.01; b—0.01; a-b—0.02; roots a—0.05; b—0.05; a-b—0.1

LSD (least significant difference) for a—F soil contamination; b—neutralizing substance; a-b—interaction;
*—correlation coefficient (r) significant for p = 0.05; **—correlation coefficient (r) significant for p = 0.01.

Table 4. Sulphur content in yellow lupine, winter oilseed rape, and narrow-leaf lupine aerial parts in

gSkg~! DM.
Type of Neutralizing Substance
Fluorine Dose in Without
-1 : .. . Mean
mg kg~ of Soil Neutralizing Lime Charcoal Loam
Substance
Yellow lupine
0 3.6 3.8 44 3.9 3.9
100 3.6 3.6 43 3.8 3.8
200 3.5 34 4.3 3.6 3.7
300 3.3 3.3 4.3 3.6 3.6
Mean 35 35 43 3.7 -
r —0.82 ** —0.96 ** —0.20 —0.83 ** - -
LSD for: aerial parts a—0.09; b—0.09; a-b—n.s.
Winter oilseed rape
seed seed seed seed seed
0 3.9 4.0 4.3 3.1 3.8
100 35 3.9 4.2 3.1 3.7
200 34 3.9 4.1 3.1 3.6
300 3.3 3.7 4.1 3.0 35
Mean 35 3.9 4.2 3.1 -
r —0.90 ** —0.82 ** —0.44 —0.47 -
LSD for: aerial parts a—0.09; b—0.09; a-b—0.19
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Table 4. Cont.
Type of Neutralizing Substance
Fluorine Dose in Without
kg1 of Soil s . Mean
mg kg - ot 501 Neutralizing Lime Charcoal Loam
Substance
Narrow-leaf lupine
0 2.8 2.6 2.6 24 2.6
20 2.8 2.7 2.7 2.8 2.8
40 3.0 3.0 3.0 2.7 2.9
60 2.8 2.7 2.7 2.7 2.8
Mean 2.8 2.8 2.8 2.7 -
r 0.22 0.43 0.43 0.57 % -

LSD for:

aerial parts a—0.07; b—0.07; a-b—0.14

LSD (least significant difference) for a—F soil contamination; b—neutralizing substance; a-b—interaction;
*—correlation coefficient (r) significant for p = 0.05; **—correlation coefficient (r) significant for p = 0.01.

Table 5. Sulphur content in phacelia aerial parts and spring triticale seed, in g S kg ™! DM.

Type of Neutralizing Substance

Fluorine Dose in Without
1 . o . Mean
mg kg~ of Soil Neutralizing Lime Charcoal Loam
Substance
Phacelia aerial parts
0 2.5 22 2.8 2.6 25
100 24 2.1 2.5 2.4 2.3
200 2.4 2.0 2.3 24 23
300 2.3 2.0 2.3 2.4 22
Mean 24 2.1 2.5 2.4 -
r —0.81 ** —0.89 ** —0.83 ** —0.69 * -
LSD for: aerial parts a—0.05; b—0.05; a-b—0.11
Spring triticale grain
0 1.3 1.3 1.3 1.3 1.3
100 14 1.5 1.6 14 15
200 1.6 1.5 15 1.3 15
300 1.6 1.5 14 14 15
Mean 1.5 1.5 1.5 14 -
r 0.93 ** 0.75** 0.18 0.40 -
LSD for: seed a—0.03; b—0.03; a-b—0.07

LSD (least significant difference) for a—F soil contamination; b—neutralizing substance; a-b—interaction;
*—correlation coefficient (r) significant for p = 0.05; **—correlation coefficient (r) significant for p = 0.01.

The data reported from this experiment (Tables 2-5) show that the increasingly high
fluorine soil pollution had a significant effect on the content of sodium and sulphur in
all organs of all plant species. This is verified by the two-factorial analysis of variance
performed and the calculated coefficients of Pearson’s simple correlation.

Based on the statistical analysis of the research data, highly statistically significant
relationships were demonstrated between the fluorine soil pollution and the sodium con-
tent in the test plants (Tables 2 and 3). In the series without any fluorine-immobilizing
substances, a statistically significant decrease in the sodium content was recorded in the
aerial parts (r = —0.83 **) and the roots of yellow lupine (r = —0.99 **), in the aerial parts
(r = —0.79 **) and roots of winter oilseed rape (r = —0.98 **), in the roots of narrow-leaf
lupine (r = —0.96 **), in the aerial parts (r = —0.90 **) and roots of black radish (r = —0.88 **),
and in the roots of phacelia (r = —0.95 **). The decreased sodium content in most of the test
plants was likely a consequence of fluorine ‘entering’ a reaction, i.e., the binding of sodium
into complexes hardly soluble in water, thus making this element less available to plants.
Fung and Wong [30] also reported a negative correlation between the presence of fluorine
in soil and the content of sodium in seedlings of Camellia sinensis. An opposite tendency,
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that is, a statistically higher content of sodium in response to the growing fluorine soil
contamination, was noted in the case of phacelia aerial parts (v = 0.93 **) and all organs of
spring triticale, i.e., grain (v = 0.77 **), straw (r = 0.86 **), and roots (¥ = 0.74 **). A positive
correlation between fluorine soil pollution and the sodium content in plants was found by
Arnesen [31] in a study on Lolium multiflorium. In their experiment on Salicornia brachiata,
Reddy and Kaur [32] proved that the highest fluorine dose (150 mM NaF) caused a three-
fold increase in sodium content compared to the control. In this experiment, the highest
average sodium content was determined in winter oilseed rape roots, at 9.5 g Na kg~!
DM, while the lowest was detected in spring triticale grains at 0.02 g Na kg~! DM. A
considerable difference in this element content between plant organs was noted in phacelia.
The roots of this plant contained as much as 16-fold more sodium than its aerial parts.
However, in most of the analyzed plants, their aerial parts contained more sodium than
the roots.

Aslam et al. [33] in an experiment with Zea mays L. noted a high concentration of
sodium in both tested varieties of this plant, with the highest concentration of this compo-
nent observed at a dose of 200 mg L~! NaF. According to Yamada et al. [34], the significant
accumulation of sodium in tissues causes a number of unfavorable changes in cellular
metabolism, mainly inhibiting the synthetic activity of plants. Research by Ranjith et al. [35]
showed a significantly positively correlated relationship between soil bioavailable fluoride
and exchangeable sodium (0.462, p = 0.05). Moreover, Anbuvel et al. [36] reported a sig-
nificantly positive correlation between fluoride and exchangeable sodium. According to
Shekhar et al. [37], the reported positive relationship between the content of fluorine and
sodium is likely explained by the accumulation of a large amount of minerals in the soil in
the form of cryolite (NazAlFg).

A general overview of the research results reveals more distinct differences in the
shaping of two analyzed macronutrients content under the impact of soil pollution with
fluoride for sodium rather than sulphur. Thus, the largest average decrease in the sodium
content was noted in the roots of narrow lupine and the roots of winter oilseed rape, where
it reached 49 and 32%, respectively, in comparison with the series not polluted with fluoride.

The fluoride soil contamination and the applied neutralizing substances only slightly
differentiated the sulphur content in the test plants (Tables 4 and 5). The highest average
sulphur content was determined in the aerial parts of yellow lupine, with 3.8 g S kg ™!
DM, while the lowest was in the aerial parts of spring triticale, with 1.3 g S kg~! DM.
Dabrowski and Seniczak [38] recorded the highest content of sulphur in lichens growing in
the nearest proximity to the Lubori Chemical Plant. However, Zbierska [39] did not observe
any influence of the distance to the Phosphate Fertilizer Manufacturing Plant in Luboni on
the content of sulphur in the tested plants.

The statistical analysis of the research results elucidated a highly significant negative
impact of increasing fluorine soil pollution on the sulphur content in the aerial parts of
yellow lupine (r = —0.82 **), the aerial parts (r = —0.90 **) and roots of winter oilseed rape
(r = —0.82 **), and the aerial parts of phacelia (r = —0.81 **). In contrast, the fluorine soil
contamination contributed to a highly significant increase in the sulphur content in black
radish roots (r = 0.84 **) and spring triticale aerial parts (r = 0.93 **).

The obtained results confirm the thesis available in the literature that the presence of
fluoride in the soil can change the quality of crops [14-18] and their feed suitability.

Statistical processing of the experimental data also demonstrated a significant effect of
the soil application of materials immobilizing fluorine on the plant content of both sodium
and sulphur (Tables 2-5).

The soil application of lime as a substance immobilizing fluorine, in most cases,
contributed to a decrease in the average sodium content in the tested crops relative to the
control series, i.e., not contaminated with this xenobiotic (Tables 2 and 3). The highest
decrease in the content of this macronutrient was noted in the aerial parts of phacelia
(—22%), the aerial parts of black radish (—21%), and the roots of narrow-lupine (—16%).
As for the content of sulphur in this series of experiments, it was similar or identical
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to the control series, that is, the unpolluted one. On the other hand, it is worth noting
that the application of lime did not limit the impact of fluorine on the sodium content in
plants, which in most cases was negative. The calculated correlation coefficients implicate
a significant increase in the content of this macronutrient alongside the increasing fluorine
soil pollution only in the case of the aerial parts of phacelia (r = 0.76 **) and the grain
(r=0.67 *), straw (r = 0.86 **)m and roots (v = 0.76 **) of spring triticale. Ciecko et al. [40]
observed that the lime and charcoal application to soil has most contributed to the reduction
of sodium content in phacelia, especially in the roots. Different results were obtained in
other studies [41]. In this research, the sodium content in Zea Mays L. increased from a few
to over a dozen percent after calcium oxide application compared to the objects without
neutralizing substances.

Charcoal, similar to lime, did not limit the adverse effect of fluorine on shaping the
sodium content in plants. In this series, the average content of sodium was lower in the
vast majority of the test plants and in their organs, except the aerial parts of narrow-leaf
lupine and spring triticale. The highest decline in the average content of sodium relative
to the control was marked in the aerial parts and roots of yellow lupine (by 28 and 40%,
respectively), the aerial parts (—24%) and roots of winter oilseed rape (—35%), and the
aerial parts of phacelia (—30%). Trends in the concentration of sulphur in plants in this
series of trials were similar and showed no significant differences in comparison with the
series unpolluted with fluorine. Kosiorek and Wyszkowski [42] showed that the addition of
charcoal to the soil did not limit the negative effects of this contaminant on sodium content
in white mustard. This decrease was 11% in leaves and 13% in the roots. Lime also limited
the sodium content in the aerial parts and the roots of this plant species.

In the series with loam as a soil amendment, there was a tendency towards decreasing
concentrations of sodium in most plants under the impact of fluorine soil contamination.
A positive correlation between the fluorine dose and the sodium content of a plant was
only determined for the grain (r = 0.77 *), straw (r = 0.99 **), and roots (r = 0.75 **) of spring
triticale (r = 0.80 **). The biggest decrease in sodium content relative to the control treatment
was noted to have occurred under the influence of the most severe soil pollution with the
xenobiotic. Moreover, a larger decrease appeared in the roots than in the aerial parts of the
test crops. Thus, the highest decrease of over 30% compared to the control was determined
in the roots of winter oilseed rape (—37%), the roots of phacelia (—35%), and the roots
of yellow lupine (—31%). A similar tendency was recorded by Zolnowski et al. [43]. In
their research, the lime and loam application significantly reduced the sodium content in
Brassica nigra L. Koch. In our own research, a tendency to decrease the sodium content
was generally observed as a result of soil contamination with fluorine. Loam formations
are generally characterized by a higher content of fluorine in contrast to soils, e.g., sandy.
At the same time, in this type of soil, we observed higher contents of other elements such
as aluminum, calcium, magnesium, or sodium [44]. This is also confirmed by our results
regarding the chemical composition of the additives used (Table 1). Therefore, the decrease
in sodium content in most of the plants tested in this series of experiments is likely due to
the fact that fluorine has a strong affinity for these elements and forms sparingly soluble
compounds with them, thus contributing to their limited uptake by plants. The application
of loam in some cases contributed to a slight increase in the sodium content in relation
to analogous objects without additives. Such a relationship was observed in the roots of
winter rape, the aerial parts of narrow-leaved lupine, the aerial parts and roots of black
radish, both organs of phacelia, and the straw of spring triticale. Similar relationships were
shown by Ogundola et al. [45]. They attempted to estimate the uptake and accumulation of
selected nutrients and heavy metals by Solanum nigrum grown on different types of soil.
The results of their research showed that the highest content of sodium was found in plants
grown on loamy soil. Regarding sulphur, its plant content in the series with loam tended to
be approximately the same as its concentrations in the series without fluorine pollution.
Loam is rich in humic acids. Humic acids can reduce the sulphur content in plants, e.g., in
the aerial parts of maize [46]. In the research of other authors [42], lime application caused
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a reduction in sodium content in the grain and straw of oats, while loam had such an effect
only in the straw of oats. The opposite impact was obtained in the straw of this plant. The
lime application to soil leads to an ion exchange with sodium in a sorption complex. High
sodium content in a soil solution may cause an increase in the sodium content in the organs
of some plant species [47].

PCA analyses indicated that the total parameters describing the sodium content in
the aerial parts of plants accounted for 70.84% (Figure 1), the sodium content in the plant
species’ roots was 82.06% (Figure 2), and the sulphur content in spring triticale seeds and
parts of other plant species was 64.01% (Figure 3) of the correlation of the dataset. Vectors
of sodium content in the aerial parts of most plant species were of similar length, which
indicates a similar range of impact. The sodium content in the aerial parts of black radish
and narrow-leaf lupine showed the highest correlation, and in yellow lupine and winter
oilseed rape, a smaller negative degree of correlation with the dose of fluorine was observed.
In the case of spring triticale, positive correlations were found. Negative correlations were
also found between the sodium content in winter oil-seed rape and narrow-leaf lupine (as
opposed to phacelia) and the application of neutralizing substances. In the case of phacelia,
positive correlations were found.

The sodium content in the roots of all plant species (except spring triticale), and espe-
cially in phacelia and narrow-leaf lupine, was negatively correlated with soil contamination
with fluorine. Negative correlations between the sodium content and the application of
neutralizing substances were found in yellow lupine and winter oilseed rape.

Correlations between the sulphur content in plants and the studied parameters were
relatively weak. However, the sodium content showed a negative correlation in yellow
lupine and a positive correlation in spring triticale (weaker in narrow-leaf lupine) with the
dose of fluorine. Negative correlations also occurred between the sulphur content in winter
triticale and narrow-leaf lupine and the application of neutralizing substances. The sulphur
content in phacelia and yellow lupine was positively correlated with these substances.
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Figure 1. Sodium content in aerial parts of plant species calculated with PCA method. Vectors

represent sodium content in aerial parts of plant species versus fluorine dose and neutralizing
substances application.
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Figure 2. Sodium content in roots of plant species calculated with PCA method. Vectors represent
sodium content in roots of plant species versus fluorine dose and neutralizing substances application.
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Figure 3. Sulphur content in aerial parts of plant species calculated with PCA method. Vectors

represent sodium content in aerial parts of plant species versus fluorine dose and neutralizing
substances application.

The sulphur content in plants is usually positively correlated with other elements,
most often with nitrogen and protein [46]. This has a direct impact on the growth and
development of plants. Positive correlations of sodium with other elements in plants are
less frequently found. Some authors have found positive correlations between sodium and



Appl. Sci. 2023,13,169

12 of 14

References

phosphorus content in both aerial parts and plant roots, e.g., spring barley, oat, and white
mustard [42,48], and weaker negative correlations between potassium and sodium [48].

The study presented in this paper verifies that the impact of fluorine soil pollution on
the plant content of macronutrients depends on many factors, of which the most important
ones are plant species and soil conditions. When planning the remediation of soil polluted
with this xenobiotic, both these factors should be given careful consideration.

4. Conclusions

The impact of increasingly severe fluorine soil contamination on the sodium and
sulphur content of the test plants depended on the organs and plant species, the dose of the
analyzed xenobiotic, and the substance applied to immobilize fluorine. According to the
assumed hypothesis, increasing fluorine soil pollution in most plants resulted in a decrease
in the concentrations of sodium and sulphur in the analyzed plant parts. It is worth noting
that the highest degree of fluorine soil pollution exhibited the most adverse consequences
in this regard. A decline in the sodium content in most of the test plants was likely due
to the fact that fluorine ‘entered’ a reaction whereby sodium was bound into compounds
hardly soluble in water, thus becoming less available to plants. The materials added to
soil in order to immobilize fluorine in most cases decreased the sodium content but did
not have any significant effect on the sulphur content in plants. The observed negative
changes in sodium concentrations in plants, considering the three fluorine-immobilizing
substances added to soil, were most evident in soil remediated with charcoal, being slightly
smaller after the application of loam, whereas the soil amendment with lime had the most
beneficial influence on the sodium content in crops.
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