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Introduction

Phosphogypsum (PG) is a NORM residue of the phosphate fertilizers industry. In Brazil, it is produced at a rate of
5.5x108 metric tons per year and is currently being stockpiled, posing major environment concerns.

PG presents in its composition radionuclides of the natural U and Th decay series: mainly Ra-226, Ra-228, Th-232,
Pb-210 and Po-210, while other radionuclides, such as U, originally present in the phosphate rock, migrate to the
phosphoric acid.

In Brazil TENORM industries are subjected to the recommendations given by Comissdao Nacional de Energia

Nuclear, which include compliance with the radiological protection regulations (CNEN-NN-4.01, 2005).
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PG use in agriculture as soil conditioner

PG has been used in Brazil as soil amendment mainly due to the characteristics of CaSO,, which improves
the root penetration in soil.

It provides calcium in the soil depth, reduces the aluminum saturation, contributes to the deepening of the

plant root system.
It favors the absorption of water and nutrients.

Most of the Brazilian arable soils are acid with pH between 4.3 and 6.2, poor in calcium and magnesium,

with high aluminum contents and low phosphorus availability to the plants.

The study of availability of radionuclides to the soil solution is important, for a better understanding of the

mobility of contaminants in water/soil systems, in order to estimate the real environmental impact .
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Objectives

The main objective of this paper is to study the availability of natural radionuclides, important in terms of
radiological protection (U-238, Ra-226, Ra-228, Th-232, Pb-210 and Po-210), present in the Brazilian

phosphogypsum used in agriculture.

For this purpose, an experiment was conducted in the laboratory, in which columns filled with Brazilian typical
sandy soil, clay soil and phosphogypsum were percolated with water, in order to achieve a mild extraction of these

elements.
The volume of water to be percolated was based in the average rainfall of the study area.
The availability of the radionuclides was evaluated by measuring the total concentration in the soil +

phosphogypsum and the concentration in the leachate, in order to establish the ratio between the available
fraction and the total one.
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Pre treatment of the sample

I, Alpha spectrometry
Sr—spec detection
resin
—> _ Ultra low level liquid
scintillation spectrometry
\L detection

Eluted containing U, Th and Ra

l Experimental procedure

—>  2327h
UTEVA Alpha spectrometry

. detection
resin

— | 238y

Eluted containing Ra

|

Ba(Ra)SO, precipitation | —> | 226Ra and 228Ra N

Low background gas flow
proportional detection

The experimental procedure established for the sequential determination of the radionuclides in the leachate was based on
the pre concentration and separation by extraction chromatography using Sr-Spec and UTEVA resins and final measurement

of alpha emitters such as U and Th isotopes and 21°Po by alpha-spectrometry, 219Pb by liquid scintillation counting, and 22°Ra
and 2?8Ra by gas flow proportional counting.
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Materials and Methods
Soil characterization

Table 2 — Chemical analysis of soil.

(cm) (CaCl,) gdm? mg dm- mmolc dm-3
25-50 3.8 13.0 3 146 05 70 14 42 2.6

25-50 4.9 10.0 1 179 02 200 20 38 3.0

0.M.: organic matter

Table 2 — Chemical analysis of soil cont.

(cm) mmolc dm-3 %
25-50 8.9 50.9 11.5 17 23
25-50 222 60.2 252 37 12

SB: Sum of Bases; CEC: Cation Exchange Capacity; V: Soil base saturation; m: aluminium saturation

The chemical analysis of soil was undertaken, in order to determine the soil fertility and the necessary chemical
correction. According to the results obtained, the soils are considered dystrophic, with base saturation (V%) lower
than 50, justifying the necessity of the soil correction with PG.




Materials and Methods
Soil preparation

The samples of Brazilian phosphogypsum used in this
experiment were provided by Vale Fertilizantes and were
collected in Uberaba (Minas Gerais State) installation and
in the unit of Cubatdo (Sdo Paulo State).

The amount of PG necessary for the sandy soil was 4.14
103 kg ha! that correspond to a dose of 7.39 g per
repetition; the amount of PG necessary for the clay soil
was 1.98 103 kg ha that correspond to a dose of 3.32 g
per repetition.

The soil samples were corrected with the addition of
different amounts of PG: the recommended dose and 10
times the recommended dose.




Materials and Methods
Columns preparation

[/~

The columns were filled with 5 kg of the two types of soil, two types of PG, mixture of soil + recommended dose and
finally a mixture of soil + 10 times the recommended dose, totalizing 12 column:s.

Water was added, to achieve the soil field capacity.

According to the values obtained for the field capacity, 1,400 mL of water are necessary in order to saturate the sandy
soil for each experiment with 5 kg of soil, for the clay soil, 2,100 mL of water are needed.
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Materials and Methods

Determination of 238U, 232Th, 226Rg, 228R3a, 219Pb and 21%Po in the leachate
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Concentration of 0,5 L from the leachate to 50 mL

l% Spike 209Pg, 232U, 229Th and Pb carrier

| Evaporation at 90° C

Treatment with conc . HNO; and H,0,

Spontaneous deposition
Dissolution in 30 mL 2M HCI onto silver discs

J/ rRinse with 100mL 2M HCL \L i
Alha spectrometry Materials and Methods
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detection
o Determination of 210Pg in the leachate
3
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Materials and Methods

Determination of 21°Po by alpha spectrometry

The activity concentration of Po-210 was determined by spontaneous deposition on a silver disk.




Materials and Methods

Determination of 21°Po by alpha spectrometry

Measurement of Po-210 by alpha spectrometry during 80,000 seconds.
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Concentration of 0,5 L from the leachate to 50 mL

l& Spike 209Po, 232U, 229Th and Pb carrier

| Evaporation at 90° C

Treatment with conc . HNO; and H,0,

!

Dissolution in 30 mL 2M HCI

l \L—Rinse with 100mL 2M HCL

Sr <—Elution with 60 mL6M —>
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Materials and Methods

Determination of 210Pb in the leachate



Materials and Methods

Determination of 21°Pb by LSC

Sample Spectrum
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Materials and Methods

Determination of 238U and 232Th in leachate

Eluted containing U, Th and Ra from Sr resin

Evaporation to dryness

Dissolutionin 10mL 3M HNO,

Rinse with 5 +5 mL 3M HNO,
Rinse with 5 mL 9M HClI

UTEVA 5M HCI - 0.05M oxalic acid .
) Electrodeposition onto
resin F steel discs
<— Elution with 20 mL 0.01IM HCl — | 238y \L
\l/ Alpha spectrometry detection

Eluted containing Ra
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Materials and Methods

Determination of 238U and 232Th in the leachate - purification




Materials and Methods

Determination of 238U and 232Th in the leachate - electrodeposition

Example of the electrodeposition cell used in the experiment.
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Materials and Methods

Determination of 238U and 232Th in the leachate - electrodeposition

0C POWER SUPPLY /A Twinipo
MPLA303M

Electrodeposition during one hour.
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Materials and Methods

Determination of 238U and 232Th in the leachate - alpha counting

Measurement of U and Th by alpha spectrometry during 80,000 seconds.
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Materials and Methods

Determination of 226Ra and 228Ra in the leachate

UTEVA
resin

V
Eluted containing Ra

!

Dilutionto 1L

<«— Add (NH,),S0,

<——Add 3M H,50,
A4

Ba(Ra)SO, precipitation —_—

226Ra and 228Ra

Low background gas flow
proportional detection for 200
minutes
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Materials and Methods

Determination of 22°Ra and 228Ra in the leachate

Low background gas flow proportional detector




Results and Discussion

Concentration of 238U, 226Ra, 210Pb, 219Po, 232Th and 2%8Ra, in samples of soil,
phosphogypsum and soil + phosphogypsum (Bqg kgt)

Sample U-238 Ra-226 Pb-210 Po-210 Th-232 Ra-228
PG CuB <7 29445 352423 346+7 21046 22816
PG UBE <7 144+11 149+4 155+11 8618 1161
Clay soil 40+2 38+1 4618 38+2 52+1 5142
Clay soil + PG CUB_D1 512 391 517 332 49+1 51+1
Clay soil + PG CUB_D10 51£2 3942 54117 42+4 53+1 5142
Clay soil + PG UBE_D1 55+4 38+1 5416 3943 465 51£3
Clay soil + PG UBE_D10 432 3842 4710 413 50+3 50+1

Mean all Clay soil 48+6.2 38.4+0.5 50.4+3.8 38.6+3.5 50+2.7 50.8+0.4

Sandy soil 111 132 14+1 1412 1241
Sandy soil + PG CUB_D1 9+2 71 216 162 183 1243
Sandy soil + PG CUB_D10 1243 941 19+2 19+1 1943 161
Sandy soil + PG UBE_D1 71 7+1 1945 16+1 15+1 13+2
Sandy soil + PG UBE_D10 9+1 91 21+4 1941 1542 15+1

The concentrations observed in the clay soil are four times higher than the sandy soil.
It can be observed that the radionuclides concentrations in the mixture soil + PG are similar to the
concentration observed in the soils.
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Results and Discussion

Concentration of 238U, 226Ra, 219PD, 219Po, 232Th and %?8Ra, in samples of soail,
phosphogypsum and soil + phosphogypsum (Bqg kgt)

Sample U-238 Ra-226 Pb-210 Po-210 Th-232 Ra-228
Clay soil 4042 3841 4618 38+2 52+1 51£2
Clay soil + PG CUB_D1 51£2 3941 517 33+2 49+1 5141
Clay soil + PG CUB_D10 51£2 39+2 54417 4214 53+1 51£2
Clay soil + PG UBE_D1 5544 3841 5446 3943 4615 5143
Clay soil + PG UBE_D10 4312 3842 47+10 413 503 501
Mean all Clay soil 4816.2 38.420.5 50.4+3.8 38.6x3.5 50+2.7 50.8x0.4
Sandy soil 111 6+1 13+2 141 1412 12+1
Sandy soil + PG CUB_D1 9+2 71 2146 162 1843 1243
Sandy soil + PG CUB_D10 1243 9+1 19+2 191 1943 161
Sandy soil + PG UBE_D1 71 71 195 161 151 132
Sandy soil + PG UBE_D10 9+1 9+1 21+4 191 152 151
Mean all Sandy soil 9.6+1.9 7.6x1.3 18.6£3.3 16.8+2.2 16.2+2.2 13.6+1.8

The 238U concentrations observed in PG are below the detection limit of the equipment used, showing that this
radionuclide concentrates in the phosphoric acid.

As for the other radionuclides analysed, the differences observed depend of the phosphate rock used as raw

material in the two installations.

-
pen



Results and Discussion

Concentration of 238U, 226Ra, 210PDb, 210Pg, 232Th and 228Ra, in samples of soil, phosphogypsum
and soil + phosphogypsum (Bq kg™1)

Sample U-238 Ra-226 Pb-210 Po-210 Th-232 Ra-228
PG CUB <7 29415 352423 34617 21016 22816
PG UBE <7 144111 149+4 155+11 8618 1161
Clay soil 40+2 381 468 38+2 52+1 5112
Clay soil + PG CUB_D1 51+2 391 517 33+2 49+1 51+1
Clay soil + PG CUB_D10 51+2 39+2 54+17 42+4 531 5112
Clay soil + PG UBE_D1 55+4 381 5416 39+3 4615 5113
Clay soil + PG UBE_D10 43+2 38+2 47+10 41+3 50+3 50+1
Sandy soil 11¢1 611 1312 1441 1412 12+1
Sandy soil + PG CUB_D1 9+2 7+1 2116 1642 1813 1213
Sandy soil + PG CUB_D10 1213 9+1 19+2 1941 1943 161
Sandy soil + PG UBE_D1 71 71 1915 16+1 15+1 1312
Sandy soil + PG UBE_D10 9+1 9+1 214 19+1 1512 15¢1
18.61£3.3 16.842.2 13.61£1.8

The activity concentration of 238U, 226Ra and 232Th in the soil studied are of the same order of magnitude of world
average values in soils (35 Bq kg for 238U, 35 Bq kg* for 226Ra and 30 Bq kg™ for 232Th) (UNSCEAR, 2000).
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Results and Discussion

Concentration of 238U, 226Ra, 210PDb, 210pg, 232Th and 2?8Ra in the leachate samples (mBq L?)

Sample U-238 Ra-226 Pb-210 Po-210 Th-232 Ra-228
PG CuB 8112 187 5916 <4
PG UBE 57+18 1144 200+19 <4
Clay soil 21+13 157 3513 29+12
Clay soil + PG CUB_D1 38115 39+4 40+21 52+16
Clay soil + PG CUB_D10 4022 183 4113 62122
Clay soil + PG UBE_D1 2615 174 2543 26114
Clay soil + PG UBE_D10 7910 103 37+4 114114
Mean all Clay soil - 40.8 19.8 35.6 - 56.6
Sandy soil 17£11 1418 203 20+14
Sandy soil + PG CUB_D1 67421 30418 35+4 132421
Sandy soil + PG CUB_D10 54110 30+21 4714 68110
Sandy soil + PG UBE_D1 8716 3516 4714 161+33
Sandy soil + PG UBE_D10 69+12 3819 37424 142+39
Mean all Sandy soil - 58.8 294 37.2 - 104.6

The concentration observed for 238U and 232Th in the leachate were below the detection limit,
except for 238U in the leachate of phosphogypsum.
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Results and Discussion

Available fraction of 238U, 226Ra, 210PDb, 219P0, 232Th and 2?8Ra (%)

Sample U-238 Ra-226 Pb-210 Po-210 Th-232 Ra-228
PG CUB - 0.03 0.01 0.02 - -
Clay soil - 0.06 0.03 0.09 - 0.06
Clay soil + PG CUB_D1 - 0.10 0.08 0.12 - 0.10
\ Clay soil + PG CUB_D10 - 0.10 0.03 0.10 - 0.12
: f_: Clay soil + PG UBE_D1 - 0.07 0.03 0.06 - 0.05
! ﬁ Clay soil + PG UBE_D10 - 0.21 0.02 0.09 - 0.23
oy - -
S0 2 Sandy soil - 0.28 0.11 0.14 - 0.17
Sandy soil + PG CUB_D1 - 0.96 0.14 0.22 - 1.10
4 -f Sandy soil + PG CUB_D10 - 0.60 0.16 0.25 - 0.43
> Sandy soil + PG UBE_D1 - 1.24 0.18 0.29 - 1.24
Sandy soil + PG UBE_D10 - 0.77 0.18 0.19 - 0.95

CIECTrEE 0 EATEETE -

The available fraction presented usually values below 1%, giving evidence that although the radionuclides %?°Ra,
210pp 210pg, 232Th and 228Ra are present in PG in higher concentrations, they are not available to the water.
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Results and Discussion

Available fraction of 238U, 226Ra, 210PDb, 219P0, 232Th and 2?8Ra (%)

Sample U-238 Ra-226 Pb-210 Po-210 Th-232  Ra-228
PG CUB - 0.03 0.01 - -
PG UBE - 0.04 0.01 - -
Clay soil - 0.06 0.03 - 0.06
Clay soil + PG CUB_D1 - 0.10 0.08 - 0.10
- Clay soil + PG CUB_D10 - 0.10 0.03 - 0.12
2. Clay soil + PG UBE_D1 - 0.07 0.03 - 0.05

Clay soil + PG UBE_D10 - 0.21 0.02 - 0.23

R Mean all Clay soil - 0.11 0.04 - 0.11
Sandy soil - 0.28 0.11 - 0.17

Sandy soil + PG CUB_D1 - 0.96 0.14 - 1.10

Sandy soil + PG CUB_D10 - 0.60 0.16 - 0.43

Sandy soil + PG UBE_D1 - 1.24 0.18 - 1.24

.‘r Sandy soil + PG UBE_D10 - 0.77 0.18 - 0.95

' Mean all Sandy soil - 0.77 0.15 - 0.78

Po-210 presented higher available fractions compared to 21°Pb, for all the samples analysed; lead is considered as a
low mobile element in soil whereas 21°Po presents higher solubility.
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Results and Discussion

Available fraction of 238U, 226Ra, 210PDb, 219P0, 232Th and 2?8Ra (%)

Sample U-238  Ra-226  Pb-210  Po-210  Th-232  Ra-228
PG CUB - 0.03 0.01 0.02 ; -
PG UBE - 0.04 0.01 0.13 - -
Clay soil - m 0.03 0.09 -
Clay soil + PG CUB_D1 S 00 0.12 ;
Clay soil + PG CUB_D10 SN 00 0.10 ;
Clay soil + PG UBE_D1 - P oo 0.06 ;
Clay soil + PG UBE_D10 - PP o 0.09 -
Mean all Clay soil - - 0.04 0.09 -
Sandy soil - - 0.11 0.14 -
Sandy soil + PG CUB_D1 - P o4 0.22 ;
Sandy soil + PG CUB_D10 - P ose 0.25 ;
Sandy soil + PG UBE_D1 - PP o 0.29 -
Sandy soil + PG UBE_D10 - P o 0.19 -
Mean all Sandy soil - - 0.15 0.22 -

Available fractions obtained for the radionuclides 22°Ra and 2?8Ra in the leachate of sandy soil and clay soil are
similar. The radium isotopes (??°Ra and 22%Ra) belong to different natural decay series of 23®U and 232Th,
respectively, therefore they present different concentrations in soil. However, since they have the same chemical
behaviour, the available fractions observed are similar for all the soil samples analysed.

o (=)

pen



General Conclusions

The mean activity concentration of the radionuclides in the sandy soil is about 4 times lower than the clay soil.

If the mean concentration of the radionuclides in the leachate for all the sandy soil and clay soil, with and without PG,
are taken into account, it can be observed that the leachate from sandy soil presents around 1.5 more activity
compared to the leachate from clay soil.

The same trend is also observed in the available fraction, the mean values obtained for all the sandy soil is 5 times
higher than the clay soil.

It can be concluded that the radionuclides are more available in the sandy soil percolation water.
A possible explanation to this behaviour is the lower pH and lower CEC of the sandy soil compared with the clay soil.

Finally, it can be concluded that the addition of PG to the soils, even in quantities that exceeded 10 times the amount
of phosphogypsum necessary to achieve 50% of the soil base saturation, does not contribute to an enhancement of
the radionuclides content in water.
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