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PHOSPHATE FERTILIZERS
MARKETED IN RUSSIA AS A SOURCE OF RARE
EARTH ELEMENTS IN THE SOIL
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Phosphate fertilizers actively used in agriculture can serve as a source of
various impurities in the soil, which can have a negative impact on environmental
components. In this work, the content of rare earth elements (REEs) in phosphate
fertilizers marketed in Russia was evaluated. REEs are a group of elements that are
actively studied due to possible negative and positive effects on living organisms.
Currently, there are no standards for the content of REEs in soil and fertilizers. Also,
in the literature there are no data on REEs content in phosphate fertilizers marketed
on the territory of Russia and assessment of the significance of fertilizer application
as a factor of REEs input into agricultural soils. Using the method of optical emission
spectrometry with inductively coupled plasma, we obtained data on the REEs content
in samples of phosphate rock, single and double superphosphate (22 samples). It
is shown that phosphate fertilizers can differ significantly in REEs content, high
REEs content (over 1000 mg/kg) was observed in some samples of single and double
superphosphate. The group of phosphate rock samples is the most homogeneous in
terms of REE content in the samples. Light REEs predominate over heavy REEs in the
composition of fertilizers. According to the results of the study, it can be concluded
that there is potentially no significant effect of the application of the studied phosphate
fertilizers on the REEs content in the soil. However, the high REEs content in some
fertilizer samples requires monitoring of REEs content in soils of agrocenoses, as well
as the development of standards for REE content in mineral fertilizers.
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Hayunas cratbst

®OCPOPHBIE YIOBPEHUSA, PEAJIN3YEMBIE
B POCCHUH, KAK HCTOYHHUK MOCTYIIVIEHUSA
PEJKO3EMEJIbBHbBIX 9JIEMEHTOB B I1IO4YBY

A./l. Komenvnuxoea, K.A. Konuanoea, M.A. IlTuwrun, O.b. Pozosa

AKmusHO npumeHsemble 8 CelbCKOM Xo3sucmee PocghopHble YOOOPeHUs MO2Yym
CIYIHCUTND UCTOUHUKOM NOCTYHIEHUS 8 NOUBY PASTUYHBIX NpUMecell, CHOCOOHbIX OKa-
3b186aMb He2aMUGHOe 8030eliCmeue Ha KOMNOHEHMbl OKpydicatoujell cpedvl. B pabome
npogedeHa OYeHKa co0ePICaniis pedKo3eMenbHbiX anemenmos (P33) 6 gocghopnvix
Yoobpenusax, peanuzyemuvlx Ha meppumopuu Poccuu. P30 —epynna anemenmos, komo-
Pas aKMUBHO U3YHACTNCS 8 CEA3U C BOIMONCHBIMU KAK HE2AMUSHLIMU TNAM U NOTOHCU-
menbHbIMU dpghekmamu erusHUA HA Jcudble opeanuzmul. Ha nacmoswuil momenm
He paspabomansl Hopmamugwsl cooeprcanust P30 6 nouse u yoobpenusix. Taxowce 6
Jaumepantype omcymcmeyrom oanuwle o cooepoicarnuu P30 6 pocghopruix yoobperusx,
peanuzyemuvix Ha meppumopuu Poccuu, u oyenka snauumocmu snecenust y0oopenuil
Kax pakmopa nocmynaenus P30 6 cenvcrkoxossiicmeennvie nousel. C npumeneruem
Memooa OnmuKo-3MUCCUOHHOL CHEKIMPOMEMPUU ¢ UHOYKIMUBHO-CEA3AHHOU NILAZMOLL
nonyuenst danuvle o cooepacanuu P3D 6 obpasyax gocghopummnoii myxu, npocmozo
cynepgocghama u dsotinozo cynepghocghama (svibopra exmouana 22 oopasya). Ioxa-
3aH0, 4mo hocghopubvie yOodperusi Mo2ym CyWecmeeHHo pasiuiamscs Ho COOepH#Ca-
Husi P30, evicoxoe cooeporcanue P3D (ceviue 1000 me/ke) ommeuanocs 6 0moenbHvix
0bpaszyax npocmozo u 080tiHo2o cynepgocgama. I'pynna obpazyos gpochopumnoi
MyKU Haubonee 00HOpooHa no codeporcarnuio P30 6 oopaszyax. Jleckue P3D npeoona-
darom 6 cocmase yoobperutl Hao maxcenvimu P33. Io pesynomamam nposedennoco
UCCTe008AHUS, MOJICHO COCNAMb Bb1600 O NOMEHYUATLHOM OMCYMCMBUU CYUeCTNEEH-
HO20 GNUSHUS NPUMEHEHUs! U3VHEHHbIX (hochopHbIX YOoOpenull Ha cooepacatue P30
6 nouse. O0Haxo, vicoxkoe codepoicanue P30 6 nekomopwvix 06pasyax yoobpeHuii
mpe6yom MoHumoputea cooepoicanus P33 6 nousax azpoyeno3os, a maxoice paspa-
oomxu Hopmamugos cooepaicanust P32 6 munepanvhvix y0oOpeHusx.

Knroueswvle cnosa: munepanvhvie y0oopeHus, npumecu; 1aHMaHouosl, ¢oc-
Gopumuasn myka, cyneppocgam
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Introduction

Phosphate fertilizers are among the most widely used fertilizers in the world,
with demand reaching 47.4 million tons in 2020 and growing [5]. The need to
consider fertilizer use as a potential source of contamination of agricultural soils
and the surrounding environment has been recognized by researchers for some
time [15]. While existing standards mainly define nutrient standards for fertil-
izers, some countries have developed standards for heavy metals in fertilizers.
However, it should be noted that the use of fertilizers can be a source not only
of heavy metals but also of rare earth elements [14].

The rare earth elements (REEs) are a group of metals that have attracted
particular attention in recent decades. This group includes: Ce, La, Pr, Nd, Pm,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Sc and Y [2]. The applications of
REEs and their importance to the global economy are detailed in the literature
[2;4; 12]. In addition to exploring their beneficial properties, many studies have
been carried out on the effects of REEs on living organisms and ecosystem com-
ponents due to their increasing concentrations in the environment [3; 6; 16].
Despite the controversy, there is more consensus among researchers about the
negative effects of high concentrations of REEs on organisms and the possible
hormesis effect of low concentrations. In this respect, the presence of REEs in
fertilizers can be a positive factor, contributing additionally to plant growth and
development, as has been shown in a number of studies [20]. On the other hand,
in the case of long-term use, REEs may accumulate in the soil and it is then
necessary to assess the permissible concentrations in the soil and the safety of
the products, since they may be transferred to plants [18; 25; 26]. In addition
to the total content, it is also important to get an idea of the bioavailability of
REEs from mineral fertilizers, as this is not established and can be one of the
criteria for assessing the quality of mineral fertilizers.

Limestone, a component of superphosphate fertilizers, contains REEs in the
form of impurities, which are expected to increase their concentrations in soil
and plants with long-term use of phosphate fertilizers [1; 7]. The concentration
of REEs in apatite has been estimated and may exceed 1600 mg/kg, or 9000 mg/
kg according to other sources due to the replacement of calcium by these ele-
ments [20]. It has been shown that up to 50-60% of the REEs is transferred to the
superphosphate during the production of fertilizers from this raw material [18].
Superphosphate produced from Kola Peninsula apatite has been shown to have a
total REEs content of approximately 2600 mg/kg [24]. According to the results of
the Egyptian researchers, the REEs content of the superphosphate was La— 18.09
mg/kg, Ce — 8.55 mg/kg, Eu— 0.33 mg/kg [1], which is significantly lower than
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for superphosphate produced from apatite from the Kola Peninsula. Australian
phosphate fertilizers contain an average of 45.2 mg/kg La and 61.0 mg/kg Ce [9].

Thus, it is currently known that the REEs content of phosphate fertilizers
can vary considerably. Existing work on the assessment of the REEs content of
phosphate fertilizers is sparse and does not provide an indication of the possi-
ble input of these elements to the soil for different areas. There are references
in the literature to high REE content in phosphate fertilizers produced from
Russian raw materials, which can be explained by the high REE content of the
raw materials. Russian phosphate rock is estimated to contain 2150 mg/kg La,
3420 mg/kg Ce, 131 mg/kg Sm and 54 mg/kg Eu [21]. These rocks appear to
be significantly enriched in REEs, with average crustal contents of La 30-35
mg/kg, Ce 64-66 mg/kg, Sm 4.5-7 mg/kg, Eu 0.8-2.1 mg/kg [8; 23]. The aim of
the work is to assess the REE content in a number of phosphate fertilizers mar-
keted in Russia and to evaluate their potential inputs into soils of agrocenoses.

Materials and methods

Fertilizer samples. Samples of phosphate fertilizers of different brands
available on the local market were purchased for the study. A selection of 22
samples representing three groups of fertilizers was obtained: rock phosphate
(RP, 6 samples), single superphosphate (SSP, 8 samples) and double super-
phosphate (DSP, 8 samples). The short designation of the samples used in the
following text and the phosphorus content according to the manufacturer’s
specifications are given in Table 1.

Determination of total REEs content in fertilizer samples. The fertilizer sam-
ples were ground in a ball mill using agate bowls and balls. To avoid cross-con-
tamination of the samples during sieving, a special sieve was designed and 3D
printed. Circles cut from 0.5 mm mesh sieve cloth were placed in the sieve and
the sample bag was attached. In this way, contact of the samples with the sur-
face of the sieve and of the samples with each other was avoided.

To determine the total REEs content of the fertilizer samples, a complete
acid digestion of the samples was carried out. A sample of fertilizer (0.2-0.25
g) was placed in a PTFE beaker, moistened with a few drops of distilled water
and a mixture of concentrated acids (1 ml HNO,, 1 ml HCIO, and 6 ml HF) was
added. The beakers were placed on a hotplate, covered with a PTFE lid, brought
to the boil and heated for 30 minutes. The lids were then removed and evapo-
rated until an intense white vapor appeared. The beakers were removed from
the hotplate, cooled, washed on the walls with a small amount of distilled water
and evaporated again to wet salts. Then 4 ml of HCl and 0.4 ml of H,BO, were
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added to each beaker, placed on a hotplate and evaporated to 1-2 ml. The solu-
tions were transferred to 10 ml plastic tubes and made up to the mark with dis-
tilled water. Acid digestion of the fertilizer samples was carried out in triplicate.

The solutions were analyzed by inductively coupled plasma optical emission
spectrometry (ICP-OES) (5800 ICP-OES, Agilent Technologies, USA). Con-
centrations of REEs group representatives were determined: light REE (LREE)
subgroup — La, Ce, Pr, Nd, Sm, Eu; heavy REEs (HREESs) subgroup — Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu, and Y. Sc is most often excluded from consideration
due to its small ionic radius, and Pm has no stable isotopes [13].

Solubility of REEs in fertilizer samples. The aqueous extract was prepared
at a ratio of 1:5 fertilizer sample to distilled water. The samples were shaken
on a rotator at 230 rpm for one hour and then centrifuged at 4000 rpm for 10
minutes. To prepare the citric acid extract, 100 ml of a 2% citric acid (C,H,0.)
solution was added to 1 g of fertilizer. The samples were shaken in a rotator at
230 rpm for 15 minutes and then centrifuged at 4000 rpm for 6 minutes. Ex-
traction was carried out in triplicate for each sample.

The solutions were analyzed by ICP-OES (5800 ICP-OES, Agilent Technol-
ogies, USA). REEs solubility was defined as the ratio of the concentration of
soluble forms of elements to the total content in the fertilizer sample, expressed
as a percentage [22].

Statistical analysis. Mean values and 95% t-confidence intervals were cal-
culated using the STATISTICA 10.0 program.

Results and discussion

Analysis of the samples provided data on the REEs total content of phos-
phate fertilizers (Fig. 1). A subgroup of RP samples is the most homogeneous
in terms of REEs content, with the maximum total content of REEs found in
sample RP-3 (359+25 mg/kg). In the subgroups of SSP and DSP samples, there
were samples with significantly higher REEs concentrations. Three SSP sam-
ples (SSP-4, SSP-6, SSP-7) and two DSP samples (DSP-5, DSP-8) stand out
with the maximum total REEs content in sample SSP-7 — 3467+134 mg/kg. The
average XREEs content of the Earth’s crust is 189 mg/kg, and most uncontam-
inated soils are close to this [11; 19; 27]. Thus, most of the phosphate fertilizer
samples analyzed appear to be comparable to the Earth’s crust and soils in terms
of total REEs content. However, in a number of samples the excess over the
average content in the Earth’s crust was 5 to 18 times. Differences in REEs con-
centrations between fertilizer samples may be due both to differences in the raw
material used for production and to the specifics of the production process [19].
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Fig. 1. Total content of LREE subgroup, HREE subgroup and total REE content
in phosphate fertilizer samples.

We do not have information on the raw materials used to produce the fertiliz-
ers. However, we can be confident that most of Russia’s phosphate rock deposits
are of igneous origin. And these igneous ores — apatite ores — are mainly used
to produce superphosphate and double superphosphate, while phosphate rock
fertilizer is essentially ground phosphate ores — sedimentary ores. The origin
of the raw materials can largely determine the REEs content of phosphate fer-
tilizers. The absence of phosphate rock fertilizer samples (sedimentary origin)
with extremely high REEs concentrations in our samples is in line with data
reported by Brazilian researchers, who show higher concentrations in samples
of igneous origin compared to sedimentary origin [22].

In most of the fertilizer samples the total content of the LREESs representatives
fell into the pattern Ce > Nd =~ > La > Pr > Sm = > Eu (the order of Sm and Eu
varied greatly from sample to sample). The exceptions were two samples (SSP-3,
DSP-2) in which the Ce content was below the detection limit, the La concentration
was relatively low and the dominant element was Nd. It is noteworthy that both
samples are sold under the same brand name. Both samples also have an extremely
low phosphorus content and the highest pH among the samples analyzed (Table 1).
The manufacturer of these fertilizers appears to have introduced methods to extract
valuable REEs from the raw materials used. However, this extraction process may
have significantly reduced the phosphorus content of the fertilizer produced. The
order of HRREs content in the fertilizer samples was predominantly in the ratio Y
>Gd > Dy > Er>Yb > Tb > Ho > Lu > Tm (with a predominance of Gd or Dy in
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some samples). The resulting patterns are generally characteristic of the distribu-
tion of REESs in the Earth’s crust, with LREEs predominating over HREEs, which
are much less abundant [27]. This distribution pattern is due to the Oddo-Harkins
rule, which states that the concentration of a rare earth element decreases with in-
creasing atomic number [22]. An exception was the double superphosphate sample
DSP-4, in which the proportion of LREEs from total REEs content was 16% due
to relatively high concentrations of Y and Gd.
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Fig. 2. Heat map showing mean values and standard deviation (n=3) of REEs content
in phosphate fertilizer samples, mg/kg (see designations in Table 1). For each column,
darker color reflects higher REE content
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Table 1.
List of fertilizer samples analyzed in the study and their characteristics:
mass fraction of phosphorus according to the manufacturer’s specifications,
pH of the aqueous suspension, and total phosphorus content

Mass fraction of PO ac- Hof P total
Sample cording to manufacturer’s pii ot aqueous total concen-
specifications, % suspension tration, mg/g
Rock phosphate (RP)
RP-1 22 7.3 19.3+1.2
RP-2 22 7.5 17.0£1.0
RP-3 22 7.6 25.7+£2.5
RP-4 22 7.3 29.7+1.2
RP-5 22 7.1 8.3+1.2
RP-6 17 6.6 22.040.1
Single superphosphate (SSP)
SSP-1 20 3.5 35.0£2.6
SSP-2 29 8.2 17.3+0.6
SSP-3 26 9.6 0.5+0.1
SSP-4 30 3.5 33.7+3.8
SSP-5 26 7.2 8.3+0.6
SSP-6 26 7.0 44.3+5.1
SSP-7 26 4.5 33.342.3
SSP-8 26 6.6 24.3+0.6
Double superphosphate (DSP)

DSP-1 35 4.5 38.7+2.5
DSP-2 46 9.8 0.6+0.1
DSP-3 49 6.3 31.0+2.6
DSP-4 36 7.1 3.8+0.2
DSP-5 41 53 26.3+0.6
DSP-6 46 7.1 22.0+0.1
DSP-7 44 6.6 24.3+1.5
DSP-8 48 6.9 41.0+£1.7

Currently, there are no developed standards for REEs content in both soils
and mineral fertilizers. In Russia, regulatory document GOST R 58658-2019
regulates the permissible content of the following impurities in mineral fertil-
izers: Cd, Hg, As, Ni, Pb, Cr (VI), Cu, Zn. Calculating the impurity content per
percentage point of P O in the fertilizer can be used as an approach to estimat-
ing the impurity content of fertilizers. For example, some authors suggest using
a threshold of 40 mg/kg per percentage point of P,O, in the fertilizer (the value
for Cr established in Brazilian legislation) for the approximate assessment of the
REE content in fertilizers [22]. Fig. 3 shows the results of such calculation for
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the studied fertilizer samples. Data are presented only for the LREEs subgroup,
since the content of heavy REEs in fertilizers is lower than that of light REEs.
The increased value is noted for Ce concentration in sample SSP-7 (47.4+2.2 mg
kg'/% P,0,). The values of Nd concentration in the same sample (27.8+1.2 mg
kg'/%P,0,), as well as Ce concentration in samples SSP-4 and DSP-5 (27.8+2.7
and 20.3+1.3 mg kg'/% P,0,, respectively) also fall within the range of 20 to 40
mg/kg/% P,O.. Thus, 97% of the calculated REEs concentrations in the studied
fertilizer samples were below the proposed threshold of 20-40 mg kg'/% P,O..
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Fig. 3. LREEs content in phosphate fertilizer samples per % of fertilizer
phosphorus content

To assess the possible REEs input into the soil with phosphate fertilizers,
the potential REEs input per unit area (hectare) was calculated using the maxi-
mum dose recommended by the manufacturers (Table 2). Despite the different
fertilizer masses required for the same dose of active ingredient, the maximum
possible REE input with fertilizer per unit area is also observed for the samples
with the highest REE content (RP-3, SSP-4, SSP-6, SSP-7, DSP-5).

If we calculate the value by which the concentration of REEs is soil will
increase with annual application of phosphorus fertilizers to the surface layer
of soil (0-20 cm) per one hectare of area for 100 years, these values will be in-
significant in comparison with the average known concentrations of REEs in
soil (Table 2). Total REEs content in the surface layer of uncontaminated soil
can be as high as 100-200 mg/kg [10, 17]. The maximum possible increase in
the XREE content will be 47 mg/kg when simple superphosphate (SSP-7) is
applied. It should be noted, however, that this value will actually be even low-
er due to leaching of REEs into the underlying soil layers and partial removal
with biomass, which will vary for different crops.
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Table 2.

REE:s input to the soil from a single application of fertilizer at the maximum dose
recommended by the manufacturer (g/ha) and potential added REE concentration
after 100 years of fertilizer application in the 0-20 cm soil layer

Element Potential
added
YREEs
ol 2 I concentra-
] g E.]J D | (4 | tionover
S| & |Ce|Eu|La|Nd|Pr|Sm|Dy|Er|Gd|Ho|Lu|Tb|Tm|Yb| Y| & | & | 2 [100years
= | T | g | of fertil-
“wn izer ap-
plication,
mg/kg
RP-1 (87| 2 |39|63(21|2|6|4|6|1]|0]|2|0/|3][39]|214]61|275 5
RP-2 (72| 2 |33|46(16| 1 |4 |3 |11 1]0]|0|O0/|3][33]170]|56]|226 4
RP RP-3{200| 5 | 68(100{45| 5|9 [ 7 [11|2|1[3]| 0| 6|78|422|116f538 10
RP-4 (150 4 |53 |75(33[3 |6 |6 |7 |2|1]|0|0/|5]62]317]|88|405 8
RP-5(26[0|14|16[6 [0 |1 |1|16[0|0]|0 |0 |[1][9]62]|28]90 2
RP-6 (87| 2 |39|58(20[ 1 |5|4|3|1]|0]|2|0/|4]41]|205]60|265 5
SSP-1{14| 1 |22|15|4 |2 |4 |4 |2|1|1|1|0]|4][62|58]81]|I138 3
SSP-2(37| 1 |17(27[{9 0|2 |21 [0]|O0O|1|O0/|T1[17]90|25]|115 2
SSP-3[ 0|0 |2 {411 |O0]|O|[O|6|0|O0O|1|[O0]|O0|1]|44] 8|52 1
SSP SSP-4(217| 3 |122/94 (54| 6 | 6 | 3 |3 |1 |0 |0 | 0 [2[39]|496|55|550 11
SSP-5(22| 0 |12(14[5[0 | 1|1 |14[0|0|O0O|O0|1[8]|54|25(79 2
SSP-6(250| 6 |98 (145[67 |14 13| 6 |60 2 | 1 | 1 | 0 | 4 [80| 580|167 746 14
SSP-7(863| 23 |348|506(238| 52|49 (21 (29| 9 | 1 | 6 | 1 |11 |271|2030|397 (2427 47
SSP-8(30| 1 |13 (248 |2 |2 |1 |2[0|0|O0|O0/|1][32]| 78 |39]|118 2
DSP-1{24| 1 |12|15[6 |1 |21 [1[0]O0|O[O|[1][1]|59]|6]65 1
DSP-2l 0[O0 |3 |52(1(0[0[0|0O|O[O0O|1]|O0|O0O|6|356]| 8|64 1
DSP-3|2 (0|1 |1 |1 [1|[O[O|O|O|O|O|O|O|2| 6 3 9 0
DSP! DSP-4/14| 0 [ 8 [9 3|0 |1 |0]|30[{0[0|0]| 0|0 /|160] 35 [191]226 4
DSP-5|560| 14 [218(326(152|34 [31 | 14|19 6 | 1 | 3| 0 | 7 |17|1304| 97 |1401 27
DSP-6|28 | 1 [12|19|6 [0 |2 1]|2]0[0]|0]| 0| 1[12]65]|19] 85 2
DSP-7| 70 |4 |8|2|0|1]|]O0|6[0|0|O|O0O|O0]|7]|22]|14] 36 1
DSP-8{103| 3 |41(58|28| 6 |6 (2|4 |10 [0 0| 1]|34]|238|49|288 6

Evaluation of the solubility of REEs in phosphate fertilizers allows estima-
tion of the potential mobility of REEs. Only Ce and Sm were detected in the
aqueous extract of the fertilizer samples. The water solubility of REEs in fertil-
izers did not exceed 1% for the whole sampling (Table 3). REEs solubility in 2%
citric acid was significantly higher for most of the phosphate fertilizer samples.
At the same time, for a number of fertilizer samples (SSP-3, SSP-7, DSP-3,
DSP-6), including the sample of simple superphosphate with the highest total
REEs concentration (SSP-7), the REEs solubility was rather low — 1-6%. Thus,
the subgroup of rock phosphate samples appears to be more homogeneous with
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respect to the potential mobility of the REEs contained in phosphate fertilizers
compared to the single and double superphosphate subgroups.

Table 3.
Solubility of REEs contained in phosphate fertilizers in water and citric acid solution

RP-1 0.0 40
RP-2 0.2 44

RP-3 0.2 27

RP RP-4 0.1 27
RP-5 0.0 52
RP-6 0.0 36

SSP-1 0.7 35

SSP-2 0.3 42

SSP-3 0.0 5
SSP-4 0.0 26

SSP SSP-5 0.7 65
SSP-6 0.0 86

SSP-7 0.0 1

DSP-1 0.1 97

DSP-2 0.0 6
DSP-3 0.0 133
DSP-4 0.0 16

DSP DSP-5 0.0 3
DSP-6 0.0 35

DSP-7 0.2 78

DSP-8 0.0 97

Conclusions

The study allowed us to obtain data on the REEs content in samples of
phosphate rock, single superphosphate and double superphosphate. It is shown
that the group of phosphate rock samples is the most homogeneous in terms of
REEs content. At the same time and within this group of samples, the difference
between the maximum (359+25 mg/kg) and minimum (151+8 mg/kg) REEs
content exceeded 2 times. Among the samples of single and double superphos-
phate, the samples with significantly higher REE content —up to 3467+134 mg/
kg in single superphosphate and up to 2334+51 mg/kg in double superphos-
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phate, the minimum values were 112+16 and 29+3 mg/kg, respectively. The
predominance of the LREEs subgroup over the HREEs in the composition of
phosphate fertilizers was observed. The calculation of the potential REEs in-
take at the application of the studied phosphorus fertilizers to the soil indicates
that there is no significant influence of this factor on the REEs content in the
soil. However, the rather high REEs concentrations observed in some samples
require the monitoring of REEs content in soils of agrocenoses, as well as the
development of standards for REEs content in mineral fertilizers.
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