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ABSTRACT 14 

The industry devoted to the production of phosphoric acid by using as raw material 
15 

sedimentary phosphate rock (PR) is considered as a NORM activity (Naturally Occurring 
16 

Radioactive Materials), due to the high levels of U-series radionuclides contained in this ore, 
17 

which are 1-2 orders of magnitude higher than those in unperturbed soils. This fact allowed us 
18 

to develop a deep characterization of the raw materials, wastes, main intermediate materials, 
19 

and final products obtained at a typical phosphoric acid factory. The elemental composition 
20 

(major, minor and trace elements), radionuclide concentrations, grain size distribution, 
21 

mineralogy and micro-structural composition were analyzed. The aim of this characterization 
22 

was to obtain information for operators and maintenance personnel involved in clean-up and 
23 

waste management operations. 
24 

The highest concentrations of some heavy metals and radionuclide activity concentrations 25 

were found in the “scales” (or internal incrustations)from the pipes that carry either 26 

phosphoric acid (PA) or the phosphogypsum waste (PG). The highest concentrations where 27 

found for 226Ra and 40K,with values up to 9 and 5 Bq g-1, respectively. In addition, high 28 

concentrations of many toxic heavy metals and trace elements, such as Cd, Cr, Ni, Sr, Y, V, 29 

Zn, Th, and U, were found in some sludge samples.  30 
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The shielding effect of the containers/vessels/pipes has an essential role in the measured 31 

external dose in the intermediate products. The radiological implications of natural 32 

radionuclides with higher activity showed that, taking into account the most conservative 33 

scenario, the annual limit of 1 mSv y-1 is not exceeded. 34 

Keywords: Phosphoric Acid, Phosphogypsum, Scales, Sludge, Natural Radionuclides, Heavy 35 

Metals, Radiological Risks. 36 

 37 

1. Introduction 38 

For the last 30 years, the scientific community has been aware of the importance of evaluating 39 

the occupational and environmental radiological impact caused by the activities of non-40 

nuclear factories, called NORM factories (Naturally Occurring Radioactive Material). These 41 

factories are characterized for using, in their production processes, raw materials containing 42 

significant levels of natural radionuclides or by the fact that some wastes or by-products can 43 

be rich in natural radionuclides. The processing of these materials can expose workers to 44 

radiation levels above the natural background. 45 

The present study was carried out in a NORM factory devoted to the production of 46 

phosphoric acid by the wet process sited in the city of Huelva, where the sedimentary 47 

phosphate rock is dissolved by adding diluted sulphuric acid (60%) generating an exothermic 48 

reaction at around 70 ºC, producing the suspension of a solid waste called phosphogypsum 49 

(PG) (Rutherford et al, 1994), and a liquid fraction of phosphoric acid (PA), usually with 27% 50 

in P2O5. These plants started operating in 1965 and were closed at the end of the year 2010, 51 

up to that date, they were the greatest producers of phosphoric acid in the European Union, 52 

processing annually more than two million metric tons of phosphate rock (PR). 53 
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This industry mainly used Moroccan sedimentary phosphate rock containing 238U-series 54 

radionuclides with activity concentrations around 1.5 kBq kg-1 (Pérez Moreno, 2005 and 55 

Bolívar et al, 2009a). However, historically they treated phosphate ores from other 56 

geographical areas, such as, for example, Kola Peninsula, containing 238U-series radionuclides 57 

with activity concentrations below 100 Bq kg-1, and with similar activity concentrations of 58 

232Th-series isotopes (Pérez-Moreno, 2005). The main difference among both types of rocks 59 

was their respective origins: Morocco ore is a sedimentary rock (fluorapatite, Ca5(PO4)3F), 60 

while Kola ore is an igneous rock (3Ca3(PO4)2CaF2). The differences in geological origins 61 

lead to very different radionuclide contents (Bolívar et al, 2009b). 62 

Moreover, it is important to note that in the PA production process the radioactive equilibrium 63 

originally present in phosphate rock undergoes a selective fractionation (Bolívar et al, 2009a). 64 

In this sense, most of the radionuclides contained in the raw material are dissolved in the first 65 

step of sulphuric acid attack, and then they are distributed into phosphoric acid (final product) 66 

and phosphogypsum, according to the chemical behavior of each element. Thus, in the 67 

conditions of the industrial chemical process (oxidizing conditions), the uranium is very 68 

soluble as U (VI) (uranyl-ion UO2
2+) (Markovic et al., 1988), explaining this fact that majority 69 

of U (more than) 80% of the uranium originally contained in the raw material remains in the 70 

phosphoric acid (liquid fraction). On the other hand, lead sulphate is highly insoluble, 71 

precipitating together with calcium sulphate (among other elements of the group II, for 72 

example barium and radium sulphates) and polonium, remaining more than 90% of Pb, Ra 73 

and Po originally present in the phosphate rock associated to the phosphogypsum waste 74 

(Bolívar et al, 1993; Bolívar et al, 1998, Pérez-Moreno et al., 2018). Average activity 75 

concentrations of 226Ra, 210Pb and 210Po around 600 Bq kg-1 were found in the PG generated 76 

in these factories (Más et al, 2006), although with a wide variability. 77 

 78 
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 79 

A complete description of the phosphoric acid industrial process used in the plant of Huelva 80 

can be consulted in the previous manuscript (Bolívar et al., 2009a). In short, this process 81 

consists of four main stages: (1) grinding, (2) digestion, (3) filtration (concentration), and (4) 82 

washing (Figure 1). 83 

FIGURE 1 84 

The process starts with the grinding of phosphate rock (where 90% of this ore is broken down 85 

to sizes below 150 µm), continuing with a digestion process, in which raw materials is mixed 86 

with diluted sulphuric acid (60%) at around 70 ºC. In the digestion process, a "pulp" 87 

containing phosphoric acid in dissolution and a solid waste fraction (phosphogypsum, PG) are 88 

formed. The generated pulp is then subjected to a filtration step, where the “phosphoric acid” 89 

(liquid phase containing about 27% P2O5), and “phosphogypsum” (solid phase) are separated 90 

by vacuum filtration of the "pulp" coming from the attack (digestion) step. During the 91 

filtration step, for every ton of pure P2O5 produced, about 4.5-5tons of phosphogypsum are 92 

generated. Then, the solid fraction obtained, mainly composed by PG, is subjected to three 93 

washing steps to recover the remaining P2O5 from this fraction. The final PG has about 1% of 94 

P2O5 present insoluble form (around 0.5%) and structural form (around 0.5%), which comes 95 

from un-digested PR. Finally, the produced phosphoric acid is stored and “aged” in big tanks 96 

(called “decanters”), where oversaturated salts precipitate with an original fine particulate 97 

material, forming sludge at the bottom of the decanters at room temperature. 98 

Taking into account the previous exposed facts, the main objective of the present study was to 99 

carry out a physicochemical and radioactive characterization of the main materials involved in 100 

the production of phosphoric acid by the wet process, in order to understand the mechanisms 101 

through which the different elements and radionuclides contained in the ore remain in the 102 
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obtained materials and in the generated scales throughout the industrial process. This 103 

information is necessary for operators and maintenance personnel involved in clean-up and 104 

waste management operations. 105 

2. Materials and methods 106 

2.1 Materials and sampling 107 

After a thorough study of the production steps of phosphoric acid plants, the most significant 108 

and representative samples of the entire industrial activity were selected. A description of the 109 

samples used in this study and full details can be found in Table 1 and Figure 1. The 110 

characterization of the main materials involved in the industrial process were carried out, in 111 

order to locate and identify the so-called  "hot spots", or points of potential accumulation of 112 

radionuclides, which can produce a radiological risk to the plant operators. In addition, the 113 

knowledge of these points could be of interest to carry out a future decommissioning 114 

operations. 115 

The sampling was carried out in two areas: a) Zone 1: Phosphoric acid production plant; b) 116 

Zone 2: Deposits of active phosphogypsum.  117 

Each solid sample was dried at 95 ºC until constant weight was reached, and then they were 118 

all grinded. Samples [PU], [DS] and [TS] did not dry completely at this temperature; 119 

therefore, they were calcined at 350 ºC.  120 

 121 

2.2 Methods for physical and chemical characterization 122 

2.2.1 Techniques based on X-ray 123 

 2.2.1.1  X-Ray Diffraction (XRD) 124 
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The mineralogical studies were carried out by applying the X-ray diffraction technique 125 

(XRD). In particular, they were carried out by applying the powder diffraction method in a 126 

Bruker diffractometer (model D8 Advance), using Cu Kα radiation filtered by a Ni film and 127 

excited with 30 mA of intensity and 40 kV of tension. The mineralogical quantification of the 128 

samples was carried out using Bruker’s EVA software with internal database. It is worth 129 

mentioning that this technique is only valid for detecting crystalline compounds. 130 

 2.2.1.2  X-ray Fluorescence (XRF) 131 

The major elements were measured using X-ray fluorescence (XRF) with a Bruker S4 Pioneer 132 

system, which had the following characteristics: 4 kW, front window and anode of Rh, five 133 

analyzing crystals (LIF200, Ge, PET, OVO55 and OVOC), and two X-ray detectors. This 134 

technique requires the samples to be as homogeneous as possible. There are two ways of 135 

preparing the samples: as pearls, or as pressed pills. In our case, they were all prepared as 136 

pressed pills, taking 6 g of dry sample with 2.4 cm3 agglutinative Elvacite® dissolved in 137 

acetone. The mixture was homogenized in an agate mortar and introduced in the press, 138 

maintaining a pressure of 150 bars for 10 seconds, after which the pill was removed. 139 

 2.2.1.3 Scanning electron microscopy (SEM) with X-ray microanalysis 140 

The morphology and microstructure of the samples were studied using an environmental 141 

scanning electron microscope QUANTA Fei-200, which allows obtaining three-dimensional 142 

images of the surface of a solid sample in nanometers (nm) and micrometers (µm). The 143 

equipment also provides a semi-quantitative analysis of the surface of interest by energy 144 

dispersive spectroscopy (EDS). After the microscopy analysis, a mineralogy database was 145 

used to determine the mineralogy according to the obtained composition. 146 



7 
 

The samples were previously subjected to a metallization process with carbon using 147 

equipment EMITECH K-550X. The process involved coating the sample with a carbon layer 148 

to make it conductive and observable through the electron microscope. 149 

The spatial distribution of elements in the samples was obtained by a scanning electron 150 

microprobe (Electron Probe Microanalyzer - EPMA) JEOL JXA-8200 model with four 151 

wavelength-dispersive X-rays spectrometers (WDS) and energy-dispersive X-rays 152 

spectrometer (EDS). This equipment allows identifying elements and determine their relative 153 

proportions. An initial analysis involves the generation of an X-ray spectrum of the entire 154 

scanning area of the image, which creates elemental highresolution maps. The image is 155 

produced by a progressive scanning of the selected sample surface by the electron beam. 156 

 2.2.2 Chemical analysis 157 

Trace elements were determined by Inductively Coupled Plasma Mass Spectrometry (ICP-158 

MS). The samples were digested in Savillex digestion vessels with hydrofluoric, nitric and 159 

perchloric acid. Hydrofluoric acid is used to remove silica and release chemicals such as ions. 160 

Nitric acid is an oxidant that prevents the volatilization of certain elements and perchloric acid 161 

is responsible for removing the remaining hydrofluoric acid that may have precipitated as 162 

fluoride. The right amount of perchloric acid was added, as too much potassium perchlorate 163 

may form a highly insoluble material that can mask the metallic elements. The amounts used 164 

were 7 mL, 8 mL and 7 mL of nitric, hydrofluoric and perchloric acid, respectively. All 165 

samples were evaporated on a hot plate. After digestion, the final aliquot was reduced to a 2% 166 

solution in nitric acid with Milli-Q water for ICP-MS analysis.  167 

 2.2.3 Laser granulometry measurements 168 

Granulometry analyses were carried out using the Mastersize 2000 APA 2000 model 169 

(©Malvern Instruments Ltd). For an accurate granulometric measurement, a representative 170 
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amount of each sample was placed in water for 24 hours to achieve a high level of 171 

disintegration of the original matrix. For a correct homogenization of the matrix, each sample 172 

was then introduced into a magnetic separator at a constant speed of 700 rotations per minute. 173 

Aliquots were collected using the Mastersize 2000 system for their analysis. 174 

 2.2.4 Radiometric measuring methods; alpha and gamma spectrometry 175 

The radioactive characterization of the samples was performed by applying two independent 176 

techniques: gamma-ray and alpha-particle spectrometry. Gamma measurements were carried 177 

out using a gamma spectrometry system equipped with a XtRa coaxial germanium detector 178 

(Canberra), with 38% relative efficiency, and FWHM of 0.95 keV at the 122 keV line of 57Co 179 

and 1.9 keV at the 1333 keV line of 60Co. The whole procedure of calibration of this gamma 180 

spectrometry system is described elsewhere (Mantero et al., 2015). The radionuclides 181 

measured by gamma spectrometry were 228Th, Ra-isotopes and 40K. 182 

Po, Th- and U-isotopes activity concentrations were determined by alpha-particle 183 

spectrometry in aliquots of the homogenized samples. For the determination of these isotopes, 184 

a sequential well-established radiochemical method was applied (Oliveira and Carvalho, 185 

2006) in order to put the radio-elements in dissolution, and then they were isolated and 186 

electrodeposited onto stainless steel discs to obtain very thick radioactive sources. The 210Po 187 

was obtained by self-deposition on silver discs. The discs were counted by using an EG&G 188 

Ortec alpha spectrometry system equipped with ion-implanted silicon detectors.  189 

 2.2.5 Dosimetric analysis 190 

Extensive dosimetric sampling was performed through the facilities of the industrial complex, 191 

including the areas or locations where the samples were collected. For it, a radiation monitor 192 

UMo model LB 123 was used. The “Universal Monitor" (UMo), manufactured by Berthold, is 193 

a monitor designed specifically for low dose rates. It is equipped with a probe certified by the 194 
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Deutsches Institut für Normunge.V. (the German Institute for Standardization), which works 195 

on proportional mode and allows the measurement of both dose rate and integrated dose 196 

 2.2.6 Thermogravimetric analysis 197 

In the thermal gravimetric analysis (TGA-DTG) and differential thermal analysis (DTA),a 198 

TG-851E 11 SDTA Mettler thermo balance was used, coupled to an equipment of mass 199 

spectrometry (MS): Pffeifer Thermostar. This equipment allows determining the composition 200 

of the gases from the thermo gravimetric experiment. The operating conditions used were: 25 201 

ºC to 1000 ºC with a heating rate of 10 ºC min-1 in inert atmosphere of N2 with a flow of 50 ml 202 

min-1. 203 

2.3 Estimation of internal doses by aerosol inhalation  204 

The assessment of the internal doses by aerosol inhalation has been performed for the samples 205 

with higher activity concentration of natural radionuclides (MO), (IS), (ES) and (PG), based 206 

on the International Atomic Energy Agency (IAEA) criteria and values (IAEA, 1999, 2004 207 

and 2014) which in turn derive from the International Commission on Radiological Protection 208 

(ICRP), notably ICRP Publication 119 (2012) (ICRP, 2011). In this regard, we can define the 209 

particulate matter concentration values which would represent an annual committed dose for 210 

workers due to inhalation of particulate matter of 1 mSv/y as: 211 

P = Ej /(Cj · hj · T · B )           Eq 1 212 

where, 213 

- P = aerosol concentration in air (kg m-3). 214 

- Ej = annual committed dose received by an individual due to particulate matter 215 

inhalation (limits 1 mSv·y-1 for public). 216 
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- Cj = concentration of the “j” radionuclide in the particulate matter (Bq·kg-1), see Table 217 

2. 218 

- hj = Dose coefficient for inhalation of the “j” radionuclide (Sv·Bq-1). Data values/ 219 

assumptions are applied base on the European Union published reference standards 220 

(Directive 2003/88/EC), Table S1 (supplementary material). In addition, the most 221 

conservative coefficient of the activity median aerodynamic diameter (AMAD),1µm, was 222 

chosen. 223 

- T = occupancy factor (h·y-1), calculated as a highly conservative assumption in that it 224 

represents the maximum working hours permitted by a worker under the EU Directive 225 

(Directive 2003/88/EC). 8 hours per day x 250 days per year = 2000 h. 226 

- B = inhalation rate  (m3·h-1) have been assumed for an adult individual engaged in an 227 

average level of physical activity = 1.5 m3·h-1.  (ICRP 66, 1994). 228 

3. Results and discussion 229 

3.1. Granulometry 230 

The size distribution in the different studied raw materials was very homogeneous, showing 231 

that 90% of the particles were smaller than 150 microns, which is the optimal grain size to 232 

carry out the acid digestion step of the process. 233 

FIGURE 2 234 

The grain size distribution of the intermediate materials depends on the origin of each 235 

material (Table 1). The [PU] and [DS] samples showed concentrations of 13.5 ± 0.3% and 236 

12.0 ± 0.8%, respectively, for particle sizes below 4 µm (clays). These percentages were 237 

considerably higher for sizes between 4 and 63 µm (silts), with 85.5 ± 1.4% and 84.8 ± 0.8%, 238 

respectively. There was also a residual fraction of particles larger than 63 µm (sand) in both 239 

samples .On the other hand, [TS] and [IS] samples showed a silt distribution of around 85% 240 
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and certain percentages of particles larger than 500 µm. These particles can be aggregates of 241 

particles obtained in the thickening process. Thus, it is clear that the grain particle sizes of 242 

these samples are similar, which may indicate that their generation processes could be slightly 243 

similar from the granulometric point of view.  244 

The [ES] (external scales of the phosphogypsum deposit) sample showed a different grain 245 

size distribution (Figure 2), with 52% of lime and 42% of sand, which could be due to the 246 

agglomeration of particles in the overflows of the tanks. 247 

Finally, the grain size distribution of phosphogypsum samples was different. Fresh 248 

phosphogypsum [PG1] had a grain size smaller than that of [PG2], with a concentration of 249 

around 85% under 63 µm, while [PG2] showed similar percentages in the lime and sand 250 

zones. In this case, the origin of the sample is crucial: [PG1] is "fresh" phosphogypsum 251 

directly from the factory and [PG2] is deep phosphogypsum taken from the deposits (1 m 252 

deep from surface). 253 

3.2 Mineralogical composition  254 

Fluorapatite, Ca5(PO4)3F, is the main mineral component present in phosphate rock of both 255 

igneous (Kola [KO]) and sedimentary (Morocco [MO] and Togo [TO]) origin (Rutherford et 256 

al, 1994).[MO] and [TO] have a higher content of carbonates, fluorides and metals, such as 257 

iron and aluminum, and often contain organic compounds, since their origin is associated with 258 

materials derived from living beings (Becker, 1989). 259 

Marine sedimentary phosphate, [MO], is used in many factories in Spain and Morocco. The 260 

generic formula of the ore used for the manufacture of phosphoric acid is Ca10(PO4)6F2, since 261 

it was formed by the precipitation of calcium phosphate dissolved in the seawater when deep 262 

cold phosphate-rich waters reached the Atlantic Ocean surface and their temperature 263 

increased (Busntyski, 1964; McConnel, 1965;  Bromely, 1967). Thus, according to our 264 
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results, the following species were observed: fluorapatite, Ca5(PO4)3F, calcite (CaCO3), and 265 

quartz (SiO2). This composition agrees with those published by other authors (Rentería-266 

Villalobos et al, 2010). 267 

Regarding the intermediate products, the results obtained for the pulp sample [PU], which 268 

was taken from the reactor tanks where the phosphate rock is digested by adding diluted 269 

sulphuric acid (60%), show that the crystalline phase corresponds to anhydrite (CaSO4), since 270 

this one was calcined at 350 ºC, losing the water of its crystalline structure. 271 

The sludge taken from the acid decanter, [DS], was formed by material decanted in this tank 272 

from very fine suspended solids that passed through the filter used in the separation of acid-273 

PG, or by suspended particles formed by co-precipitation during the interval time that 274 

phosphoric acid is stored in these tanks. As was described in the previous section on the 275 

granulometric analysis, the crystalline phase of this sludge corresponds to the very fine 276 

particles of anhydrite (CaSO4) and highly insoluble alkaline fluorosilicates, such as malladrite 277 

(Na2SiF6). 278 

The external scales [ES] from the phosphogypsum tanks, where the gypsum is pumped 279 

toward the rafts, are basically composed of gypsum, sulphate calcium dihydrate 280 

(CaSO4·2H2O), and alkaline fluorosilicates, such as malladrite (Na2SiF6), with traces of quartz 281 

(SiO2). In the same way, the [IS] sample (internal scale taken from inside a phosphoric acid 282 

production pipe) is mainly composed of heklaite (KNaSiF6) and malladrite (Na2SiF6), with 283 

traces of gypsum (CaSO4·2H2O). Heklaite in mineralogical form only appears in the [IS] 284 

sample, as it is more insoluble than malladrite in acidic media (Fayret et al, 2006), especially 285 

in sulfuric media. 286 

Finally, the two phosphogypsum samples analyzed, [PG1] and [PG2], are in agreement with 287 

the expected results, with gypsum (CaSO4·2H2O) being the main mineral present in their 288 
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composition. Both samples showed the same crystalline composition, with gypsum as the 289 

main phase composition of the phosphogypsum waste. 290 

The presence of bassanite (CaSO4 ∙ 0.5H2O) is explained by water loss through evaporation at 291 

95 °C (Ostroff, 1964; Guan et al, 2009). This was observed when the phosphogypsum 292 

samples, which were previously dried in an oven at 95 °C for 24 h, were analyzed using XRD. 293 

In fact, the crystalline composition showed a significant change, indicating that calcium 294 

sulfate hemihydrate and calcium sulfate dihydrate can coexist (Rentería-Villalobos, et al 295 

2010). 296 

3.3 Major elements 297 

Table S2 of supplementary material shows the concentrations of the major elements 298 

determined by XRF for the studied samples. The raw material samples had similar 299 

concentrations of F and SiO2 (about 4% and 2.3%, respectively), and significant amounts of 300 

P2O5 (27%), and CaO (52%), as is expected for the ores used in the production of phosphoric 301 

acid (PA), and in agreement with the mineralogy previously discussed in section 3.1. 302 

Concentrations of Na, Al, K and Fe were also observed in non-negligible amounts.  303 

With regard to intermediate products, the pulp [PU] had a significant percentage of P2O5 304 

(15%), since the solid fraction in the digestion step is a mixture of PG+PA. The mineralogy 305 

results support this conclusion, as the largest phase found was anhydrite (CaSO4), with SO3 306 

and CaO values of 31% and 34%, respectively, and a remnant of quartz (0.4% SiO2). 307 

Both the decanter sludge [DS] and thickener sludge [TS] samples contained high values of 308 

phosphorus (15.5% and 27.5% of P2O5, respectively), indicating that a fraction of them was 309 

probably formed by the remaining phosphoric acid and particulate matter co-precipitated 310 

during the storage of phosphoric acid inside these storing tanks. There were also significant 311 

amounts of sulfate given as SO3 (30.2% and 20.4%, respectively), and CaO (31.9 % and 21%, 312 



14 
 

respectively), ratifying that a significant fraction of these sludge samples was formed by very 313 

fine particles of phosphogypsum.  314 

The scale samples ([IS] and [ES]) presented high contents of F (56.5 % and 26.3%, 315 

respectively), which probably came from precipitated salts found in the phosphoric acid, since 316 

alkali fluorosilicates (for example, potassium and sodium fluorosilicate) are highly insoluble. 317 

In this sense, high concentrations of SiO2 (24 % and 9.9%, respectively) and Na2O (16.5 % 318 

and 5.8%, respectively) in the scales samples were found. [IS] shows the highest 319 

concentrations of both Na and K, and very low values of Ca and SO3, indicating that this scale 320 

was mainly formed by highly insoluble salts of alkali fluorosilicates, such as heklaite, as we 321 

can see in the XRD section. On the other hand, the [ES] sample shows significant values of 322 

SO3 (41%) and CaO (25%) due to the presence of calcium sulfate in the mineral composition. 323 

It is interesting to remember that this sample was taken from the outer surface of the tank, 324 

where the phosphogypsum is pumped into the ponds. 325 

Finally, the concentration of both SO3 and CaO in the phosphogypsum samples ([PG1] and 326 

[PG2]) indicates that more than 90% of these samples corresponds to calcium sulphate. 327 

Moreover, important impurities of P2O5 (~ 1 %), Al2O3 (~ 0.2 %), Na2O (~ 0.2 %), SiO2 (~ 1 328 

%) and F (~ 2 %) were found in PG2 (see Table S2). The very low pH (< 2) of PG2, which 329 

was stored in the piles, is mainly due to their remaining phosphoric acid content (around 1%), 330 

enabling the leaching of both these ones and other pollutants into their surrounding 331 

environment. 332 

In the phosphogypsum samples, SiO2 can be found as quartz, which, together with Al2O3 and 333 

Na2O and/or K2O, could indicate the presence of clay minerals (Al2O3·2SiO2·H2O) (Arocena 334 

et al, 1995). These results are in agreement with those found ones by other authors for similar 335 

phosphogypsums (Martín, 1999). Lastly, as was also expected, higher concentrations of P2O5 336 
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were found in the fresh phosphogypsum sample ([PG1]), since older phosphogypsum ([PG2]) 337 

stored for long periods is subjected to longer leaching processes. 338 

3.4 Trace elements 339 

Table S3 of supplementary material shows the obtained results for trace elements in 340 

intermediate products and waste generated in the process, which are compared with the raw 341 

materials used in the process and the global average concentration of uncontaminated soils 342 

(Rudnick and Gao, 2003). 343 

Igneous phosphate rock ([KO]) is rich in Ba and rare earth elements, such as La, compared to 344 

sedimentary ores ([TO] and [MO]) (Da Conceicao, 2006; Barros de Oliveira, 2007). For 345 

example, the concentration of Ba in [KO] was 633 mg kg-1, which is significantly higher than 346 

those obtained in the two sedimentary raw materials [MO] (97 mg kg-1), and [TO] (47 mg kg-347 

1). Furthermore, the concentrations of heavy metals in the igneous sample given by Da 348 

Conceicao (Da Conceicao, 2006) (Cd, 4 mg kg-1; Cr, 70 mg kg-1; Ci, 96 mg kg-1; Ni, 117 mg 349 

kg-1;Pb, 44 mg kg-1; Zn, 326 mg kg-1), are higher than those found in this work. Some authors 350 

(Martín et al, 1999; Pérez-López et al, 2007) also published concentrations of heavy metals in 351 

samples of sedimentary phosphate rock from Morocco, which are in agreement with those of 352 

the [PR] sample of this study (see Table S3).  353 

In the intermediate products, the [TS] sample showed high concentrations for most of the 354 

analyzed trace elements (Cd, Cr, Ni, Sr, Y, Zn, and Th). It is also worth mentioning the high 355 

concentration of Y(1370 mg kg-1), La(702 mg kg-1) and U (154 mg kg-1) found in [TS]. This 356 

fact can be explained by the origin of this sludge: solid complex salts and very small particles 357 

of PG, which are formed in the concentrated phosphoric acid step, where these particles are 358 

highly enriched in trace elements during their formation. 359 
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Regarding the scale samples [ES] and [IS], Table S3 shows that the concentrations of most of 360 

the trace elements (As, Mn, Sr, Cu, Pb, Ni and Cr) are higher in [ES] than in [IS]. It is 361 

important to remember that [ES] are scales from the surface of the phosphogypsum deposit, 362 

where they are pumped into the PG piles. In this sense, previous studies (Wang, 2001; 363 

Gunasekaran and Chauhan, 2004) have demonstrated that the wet process of phosphoric acid 364 

preparation generates severe corrosion problems in containers and that the corrosion of the 365 

stainless steel vessel should also be considered as an additional source of several elements 366 

like Cr, Cu, Ni, and Zn (Beddow et al., 2006). 367 

In phosphogypsum samples, most trace elements have similar or lower values than those 368 

reported by other authors in phosphogypsum derived from sedimentary phosphate rock 369 

(Rentería-Villalobos et al, 2010). Potential contaminants such as Cd present high 370 

concentrations, up to 20-fold higher than that of a typical unperturbed soil. Finally, Table S3 371 

shows similar trace element concentrations for both phosphogypsum samples, which can be 372 

explained by the fact that trace elements tend to gather and rest in the matrix of 373 

phosphogypsum that is already settled. 374 

3.5. Microestructural Analysis 375 

In order to deeply study the generated scales in the phosphoric acid production process, 376 

scanning electron microcopy was carried out in both scale samples [ES] and [IS], Figures S2 377 

and S3 of suplementary material. 378 

Figure S1 shows that the main composition of the [IS] sample is heklaite (KNaSiF6) (point 5), 379 

malladrite (Na2SiF6) (points 1 and 2) and gypsum (CaSO4·2H2O) (points 3 and 4), showing 380 

the typical morphology of gypsum particles, similar to other industrial wastes rich in gypsum 381 

(Gazquez et al, 2009). This results are in accordance with the mineralogical studies (XRD) 382 

and major elements (XRF). 383 
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A representative SEM image, corresponding to the [ES] samples analyzed in this work, is 384 

shown in Figure S2, where it is possible to observe that the external scales sample is 385 

composed of particles of very heterogeneous sizes, in agreement with the granulometry 386 

results. Moreover, the composition shows quartz (point 1), gypsum (point 2) and malladrite 387 

(point3), as was expected, taking into account the mineralogical composition. 388 

3.6  Termogravimetric analysis  389 

In this section, a calorimetric study was carried out in order to characterize and measure the 390 

behavior of these materials when exposed to temperatures up to 1000 ºC by means of 391 

thermogravimetric analysis (TGA). 392 

3.6.1. External scales (ES) 393 

Figure 3 shows the TG and DTG curves for the external scales [ES] waste, in which DTG was 394 

calculated by the first derivative of the mass loss as a function of the temperature (rate of 395 

mass changes with respect to the temperature T). This analysis shows four thermal events at 396 

110 ºC (with a maximum weight/temperature change ratio at 149 ºC), 500 ºC (with a 397 

maximum at 592 ºC), 700 ºC (with a maximum at 752 ºC) and finally 825 ºC (with a 398 

maximum at 847 ºC). The first peak on the DTG curve detected a loss of water, which is 399 

characteristic at this temperature, as it corresponds to the loss of structural water in the 400 

phosphogypsum. Taking into account the loss of water (13.1%), we can estimate that the 401 

gypsum content of the sample is 62.6% (with 14.6% of Ca and 11.6% of S). Considering the 402 

concentration of the major elements shown in Table S2, we can assert that not all the sulphur 403 

content in the sample is in the gypsum form. 404 

FIGURE 3 405 
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The second thermal event observed (500 ºC) corresponds to the decomposition of malladrite 406 

(Na2SiF6) identified by XRD. This mineral decomposes at 500-600 ºC, according to the next 407 

chemical reaction: 408 

Na2SiF6 (s) → 2NaF (s) + SiF4 (g) 409 

Taking into account the mass loss at this point (19%) see Figure 3, we can estimate that [ES] 410 

contains 34.3% of malladrite (F = 20.8%, Si = 5.10%, Na= 8.39%) as was expected, 411 

considering the results obtained by XRF.  412 

The third peak observed in Figure 3 is compatible with the decomposition of carbonates at 413 

about 700ºC (Demir et al, 2003). On the other hand, according to previous studies (Tõnsuaadu 414 

et al., 2012) the fourth thermal event can be compatible with decomposition of  415 

hydroxyapatite (Ca5(PO4)3(OH) not identify previously by XRD usually associated with 416 

fluorapatite), which  takes place within a range of 800–900 ºC (maximum at 830ºC), which 417 

matches our results (Figure 3). 418 

The SDTA curve reveals that all the events that took place were endothermic and caused by 419 

the decomposition of the different chemical species contained in the sample. 420 

3.6.2 Internal Scales (IS) 421 

The analysis of the [IS] showed six thermal events with a maximum weight/temperature 422 

change ratio at 104 °C,  200 °C, 455 °C, 535 °C,720 °C and 836 °C, see Figure 4 .The first 423 

two peaks are compatible with the loss of the chemically bound water. In this case, the water 424 

not only came from the gypsum, but also from other minor hydrated compounds not identified 425 

previously by XRD. 426 

FIGURE 4 427 
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The most important thermal event occurred at 720 ºC. This peak corresponds to the 428 

decomposition of heklaite and malladrite. Taking into account the concentration of the major 429 

elements shown in Table S2 (13.5%, 11.2%, 12.2% and 56.5% for K, Si, Na and F, 430 

respectively), we can estimate their percentages. Assuming that all the potassium contained in 431 

the sample remained associated with heklaite (containing by stoichiometry 19.1% of K), we 432 

can estimate that the percentage of heklaite mineral is around 70%, while that of malladrite is 433 

around 30%, approximately. These quantities are in agreement with the mass loss at this 434 

temperature. In this case, heklaite mineral is decomposed as follows: 435 

KNaSiF6→NaK (s) + KF(s) + SiF4(g) 436 

In this case, the SDTA curve also reveals that all the events that took place were endothermic 437 

and caused by the decomposition of the different chemical species contained in the sample. 438 

3.7. Radioactive characterization 439 

Table 2 shows the radionuclide activity concentrations of the raw material samples, 440 

intermediate products and phosphogypsum samples. Regarding the raw materials, the activity 441 

concentration of 238U was variable, ranging between 70 Bq kg-1 in the [KO] sample and 1200-442 

1600 Bq kg-1 in the raw materials with sedimentary origin, thereby corroborating the fact that 443 

phosphates used at Huelva factories from sedimentary origins ([TO] and [MO]) show higher 444 

uranium content than the igneous phosphate from Kola ([KO]) (Habashi, 1980; Cavalcanti-445 

Canut, et al 2008; Bolívar et al., 2009a). 446 

With respect to the concentration of 232Th, this was similar in samples [KO] and [TO], about 447 

80 Bq kg-1, with a 4-fold decrease in [MO] (20 Bq kg-1), which is similar to that of 448 

undisturbed soil. On the other hand, 40K concentrations were very low (around 40 Bq kg-1), 449 

which is one order of magnitude lower than the average of potassium for typical soils from 450 

Spain (range, 100-1000 Bq kg-1; average, 600 Bq kg-1). 451 
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In general remarks, it can be seen that in the three raw materials analyzed and for each natural 452 

radioactive series (238U and 232Th), the radionuclides are in secular equilibrium. Finally, 453 

taking into account that the raw material used in the factory of Huelva is the phosphate rock 454 

coming from morocco [MO], the activity concentrations of elements included in the Th series 455 

(232Th, 228Ra and 228Th) are lower than those corresponding to the unperturbed soil, 35 Bq kg-1 456 

(UNSCEAR, 2000). Therefore, we can assert that, from the radiological point of view, the 457 

relevance of the Th series versus the U series is very limited. 458 

During the phosphoric acid production process, the radioactive equilibrium is broken. Thus, 459 

uranium mainly remains in phosphoric acid (under oxidizing conditions, at up to 90%), while 460 

most of the radium is transferred into phosphogypsum and solid materials (Gorecka and 461 

Gorecki, 1984; Rutherford et al, 1994; Bolívar et al, 1995; Bolívar et al., 2009a). The 462 

obtained results are in agreement with this behavior. Thus, the activity concentration of 226Ra 463 

and 210Po are higher than the activity concentration of 238U in solid materials, except in the 464 

PR.  465 

Regarding intermediate products, uranium has a tendency to be concentrated in samples with 466 

higher contents of P2O5. Thus, the thickener sludge [TS] has 1210 Bq kg-1 of 238U, compared 467 

to the 1000, 735, 245 and 228 Bq kg-1 measured in the pulp [PU], decanter sludge [DS] and 468 

both scales [IS] and [ES] respectively (samples with lower concentrations of P2O5 shown in 469 

Table S2). 470 

Uranium is highly soluble, presenting a very high linear correlation with P2O5 concentrations, 471 

as expected from a previous work (Bolivar et al, 2009a). In fact, Figure S3 of supplementary 472 

materials shows a linear relation between the concentrations of these elements, suggesting 473 

that uranium travels along the PA production process bound to phosphoric acid (soluble 474 

fraction), following Equation 2: 475 

238U (Bq kg-1) = (121 ± 61) + (42.7 ± 4.5)P2O5 ,R2 = 0.919  [Eq. 2] 476 
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 477 

The previous fitting has a determination coefficient (R2) of 0.919, and the constant is not 478 

statistically significant. Regarding 230Th, this radionuclide seems to be associated with the 479 

solid fraction of phosphogypsum (in agreement with most studies,  Bolívar et al, 2009a; 480 

Bolívar et al, 1995). Nevertheless, in the samples of intermediate products, this radionuclide 481 

seems to have a strong tendency to bind the soluble fraction too. Thus, in the sludge sample, 482 

for example, the concentrations of 230Th were similar to those of 238U. This indicates that 483 

thorium is also highly soluble in phosphoric acid and that the thorium fraction linked to the 484 

acid varies depending on its concentration. 485 

On the other hand, the highest concentrations of 226Ra were found in the sludge samples ([DS] 486 

and [TS], 1140 and 2300 Bq kg-1, respectively similar to previous studies (Bolivar et al., 487 

2009a)), in [IS] (around 9000 Bq kg-1), and in [ES] (4250 Bq kg-1). These results indicate that 488 

the highest enrichments of radium are associated with the fine textured material that either 489 

flows in suspension in the PA liquid fraction or is formed when the concentrated PA is 490 

produced.  491 

In general, 210Po tends to "travel" throughout the industrial process adhered to the solid phases 492 

(Bolívar et al., 2009a), although, in general, its concentrations are lower than those of 226Ra, 493 

except in [ES] sample, see Table 2. This is possibly due to the fact that polonium tends to co-494 

precipitate with gypsum to a lesser extent than radium. The explanation may lie in the fact 495 

that polonium is slightly more soluble in phosphoric acid than radium, and, therefore, some of 496 

it remains in the P2O5 still contained in the gypsum (3000 Bq kg-1 of 210Po [TS] compared to 497 

800-1200 Bq kg-1 measured in samples of phosphogypsum). 498 

The concentrations of 40K, in general, are very low in relation to unperturbed soils, as 499 

expected, except for the sludge and scale samples. The [IS] sample contained about 5000 Bq 500 

kg-1and [DS] showed over 300 Bq kg-1, which are compatible with the K2O concentration 501 

obtained by XRF, with Concentration Factors (CFs) of 140 and 9, respectively, calculated in 502 
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relation to the [PR] concentration (CF = CX/CPR). These results are probably related to the 503 

"special" mineralogy of these scales, which contain high levels of alkalifluorosilicates (highly 504 

insoluble). 505 

The ratio of 230Th/232Th in [PR] is the same (≈ 80), and the low values of 232Th in all products 506 

confirm that [MO] is usually employed throughout the industrial process. On the other hand, 507 

it is important to note that the 226Ra/238U ratio in the mineral is in secular equilibrium, ratio 1; 508 

however, in the scale samples an important enrichment takes place, showing values of 18.6 509 

for [ES] and rising significantly to 37 in the [IS] sample. 510 

3.8 Radiological risks 511 

Table 3 shows the maximum dose rate above background recorded in these areas. Analyzing 512 

the results obtained, and in comparison with the activity concentration values present in each 513 

sample (Table 2), it can be verified that the "shielding" effect plays a relevant role. Thus, for 514 

example, samples that were collected outdoors such as phosphogypsum [PG1] and [PG2] or 515 

raw materials [MO], have associated dose rate values according to their natural radiation 516 

content. On the other hand, samples with a higher natural radioactivity content such as [DS] 517 

and [TS] samples have lower dose rate values associated. This fact is due to the shielding 518 

effect exerted by the containers/vessels/pipes where these samples have been generated. The 519 

clearest case is found in the [IS] sample (scale inside a pipe). This sample shows, as a whole, 520 

the highest activity concentration values of all the samples analyzed, and however the 521 

measured dose rate value is not the highest. This shielding effect does not occur, for example, 522 

in the [ES] sample, since it is an external scale, and that is why it has the highest associated 523 

dose rate value. 524 

For exposure to externally ionizing radiation to be less than 1 mSv y-1, the dose rate value 525 

must be less than 0.5 μSv h-1 for a workday of 2000 h y-1. Taking this dose rate value as a 526 

reference, it can be verified that only the value of 1 mSv y-1 could be exceeded in the areas 527 

associated with the presence of scales [IS and ES], therefore the occupancy factor in the 528 
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maintenance operations of the equipment/facilities should be taken into account. Thus, is 529 

recommended do not exceed 600 and 1400 hours per year in the zone of [ES] and [IS], 530 

respectively. 531 

On the other hand, particulate matter concentration values (P, calculated using Eq 1) which 532 

would represent an annual committed dose for workers due to inhalation of particulate matter 533 

of 1 mSv·y-1 are 3.27, 6.68, 2.97 and 8.15 mg·m-3 for [MO], [IS], [ES] and [PG1] samples.  534 

These values demonstrate that to reach the value of 1 mSv·y-1, it would be necessary, in the 535 

worst cases, to experience dust concentrations under operational conditions several times 536 

higher or similar than Occupational Exposure Limits (OELs) for Respirable dust (3 mg·m-3) 537 

(ITC/2585/2007 Order). For that reason, will be necessary to take precautions, by using the 538 

dust mask for working procedures involving dust. 539 

The result associated with the PG1 sample indicates that it is the sample with the lowest 540 

radiological risk. In addition, the moisture content of this material on average is over 15%, so 541 

the generation of dust would not be relevant. In relation to the both scales analyzed (IS and 542 

ES), the ES sample has the highest associated risk. As with phosphogypsum, the scales are 543 

normally in a wet state. Furthermore, it is important to remember that the estimates have been 544 

made taking into account an occupancy factor of 2000 hours per year, which is far from 545 

realistic, since this type of materials would only be contacted during decommissioning or 546 

maintenance operations of short duration. 547 

Lastly, despite the fact that the raw material (OM in this case) shows one of the lowest values 548 

of particulate matter concentration which would represent an annual committed dose for 549 

workers due to inhalation of particulate matter of 1 mSv y-1, the radiological risk associated 550 

with the inhalation path can be important. The dust generation is much more likely in 551 

operations such as milling and transportation once it is milled through the facility. However, 552 
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the control of dust generation and the use of masks can reduce the radiological risk associated 553 

with this material and the path of exposure to non-relevant values. 554 

4.CONCLUSIONS 555 

This work was aimed at the physical-chemical and radioactive characterization of the main 556 

materials involved in the production process of phosphoric acid by wet sulfate: raw materials, 557 

intermediate materials (sludges and scales) and wastes. This characterization allowed testing 558 

and evaluating the degree of fractionation of different elements and compounds analyzed in 559 

the main stages of the industrial process, proving to be useful to the maintenance personnel of 560 

the factory.  561 

The main conclusion of this study was that the high content of natural radionuclides in some 562 

inner pipe scales, mud and outer incrustations, have to be taken into account in the 563 

radiological protection of the workers involved in the clean-up and waste management 564 

operations. 565 

In addition, the partials conclusions drawn from this study are the following: 566 

1.- The radioactive results indicate that the main raw material used in the manufacturing 567 

process, i.e., phosphate rock from Morocco, is a NORM material, since it contains significant 568 

concentrations of thorium and uranium, around 50-fold higher than those of undisturbed soil.  569 

2.- Due to concentration processes, both the external ([ES]) and internal scales ([IS]) obtained 570 

in the phosphoric acid factory are enriched in natural radionuclides, mainly by 226Ra and 571 

210Po.  572 

 2.1 The external scales ([ES]) presents activity concentrations of 226Ra and 210Po 573 

around 4 and 6 Bq g-1, respectively, which are around 150 -fold higher than the concentrations 574 

found it in unperturbed soils.  575 
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 2.2 The internal scales ([IS]) showed high concentrations of 226Ra (9 Bq g-1) and 40K 576 

(5 Bq g-1), fact explained by the high contents in heklaite (KNaSiF6). 577 

 2.3.- The sludge samples ([TS] and [DS]), showed high activity concentrations (3 Bq 578 

g-1) around 100 times higher than those of unperturbed soils for radionuclides from uranium 579 

series, and high values of P2O5 and significant amounts of SO3 and CaO, explained by their 580 

origin. 581 

3.- Phosphogypsum samples show a higher activity concentration for 226Ra and around 1 Bq 582 

g-1, with gypsum (CaSO4·2H2O) as the main mineralogical phase (> 95%).  583 

4.-The granulometric results of intermediate products show that practically 90% of the 584 

particles are below 63 µm in the samples of pulp sludge (decanted and thickened), as well as 585 

in the inner scales. On the other hand, external scales show a greater grain size, with 40% in 586 

the sandy area. This fine granulometry could have significant implication in the radiological 587 

doses receives by the workers. 588 

5. The shielding effect exerted by the containers/vessels/pipes has an essential role in the 589 

external dose measured in the intermediate products. In this regard, the external scale 590 

analyzed has by far the highest associated dose rate value, but not the highest radionuclide 591 

activity concentration. The internal dose of the natural radionuclides with higher activity 592 

concentrations have been assessed, obtaining that if the maximum particulate matter 593 

concentration established in the Spanish regulation is verified, and taking into account the 594 

most conservative scenario, the annual limit of 1 mSv y-1 is not exceeded. 595 
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Figure 1. Scheme of the manufacturing process of phosphoric acid. Collected samples in 

brackets. 
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Figure 2. Average grain-size composition (%) of intermediate samples and 

phosphogypsum samples. Clay < 4 µm, lime < 63 µm and sand < 2000µm. 
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Figure 3. TG-DTG-SDTA-MS analysis of the [ES] sample. 

 



 

 
Figure 4. TG-DTG-SDTA-MS analysis of the [IS] sample. 

 

 

 



Table 1. Descriptive summary of the collected samples. 

CLASSIFICATION CODE SAMPLE DESCRIPTION 

RAW 

MATERIALS 

KO Kola 
Phosphate rock from Kola Peninsula (igneous origin, 

deposit of Oblast, northern Russia) 

TO Togo 
Phosphate rock from Togolese Republic (sedimentary 

origin). 

MO Morocco 
Phosphate rock from Morocco (sedimentary origin). 

Un-milled fraction stored in silos 

INTERMEDIATE 

PRODUCTS FROM 
THE INDUSTRIAL 

PROCESS 

PU Pulp  
Solid fraction obtained by filtration of the pulp from 

the acid attack step. 

DS Decanter Sludge 
Solid fraction coming from clarifier or decanter (27 

%) 

TS Thickener Sludge Solid fraction coming from sludge thickener (50 %) 

IS Scale 
Scale taken from inside a phosphoric acid production 

pipe 

ES External Scale 
External scales from the phosphogypsum deposit 

where this is pumped into the PG piles. 

FINAL WASTEOF 

THE PROCESS 

PG1 Phosphogypsum 
Fresh phosphogypsum taken just before it is pumped 

to the piles. 

PG2 Phosphogypsum 
Deep phosphogypsum taken from the stacks (1 m 

below surface) 

 



Table 2. Activity concentration (Bq/kg) for radioelements of interest. Uncertainties of 1σ.210Po in secular equilibrium with 210Pb 

 238U 234U 230Th 226Ra 210Pb (210Po) 232Th 228Th 228Ra 40K 230Th/232Th 226Ra/228Ra 226Ra/238U 

[KO] 69.7 ± 2.3 70.6 ± 2.3 70 ± 5 76 ± 5 97 ± 4 88 ± 5 105 ± 7 104 ± 7 54 ± 6 0.80 ± 0.07 0.73 ± 0.07 1.09 ± 0.08 

[TO] 1200 ± 30 1200 ± 30 1100 ± 60 1373 ± 80 1240 ± 30 80 ± 7 82 ± 5 90 ± 6 < 48 14 ± 1 15 ± 1 1.14 ± 0.07 

[MO] 1610 ± 30 1612 ± 30 1600 ± 70 1770 ± 70 1520 ± 40 20 ± 2 < 7 < 16 36 ± 7 80 ± 9 >110 1.10 ± 0.05 

[PU] 991 ± 22 991 ± 22 780 ± 40 700 ± 40 880 ± 30 8 ± 2 < 5 <10 < 34 98 ± 25 >70 0.71 ± 0.04 

[DS] 735 ± 17 742 ± 18 880 ± 60 2300 ± 140 1780 ± 40 16 ± 3 < 13 < 27 320 ± 30 55 ± 11 >85 3.1 ± 0.2 

[TS] 1210 ± 40 1199 ± 40 2640 ± 90 1140 ± 30 3350 ± 90 30 ± 2 24 ± 5 13 ± 6 96 ± 19 88 ± 7 88 ± 41 0.94 ± 0.04 

[IS] 245 ± 16 265 ± 17 1800 ± 50 9000 ± 500 1400 ± 40 19 ± 2 29.5 ± 1.9 85 ± 5 5000 ± 300 95 ± 10 106 ± 9 37 ± 3 

[ES] 228 ± 9 217 ± 9 120 ± 6 4250 ± 120 6580 ± 160 3 ± 1 < 9 15.8 ± 1.9 200 ± 16 40 ± 13 260 ± 30 18.6 ± 1.0 

[PG1] 86 ± 5 83 ± 4 750 ± 15 1120 ± 70 1150 ± 40 11 ± 4 28.3 ± 2.3 53 ± 4 25 ± 5 70 ± 28 21 ± 2 13.0 ± 1.0 

[PG2] 143 ± 3 144 ± 4 510 ± 40 950 ± 60 780 ± 30 17 ± 4 < 4 7.4 ± 0.8 < 23 30 ± 7 128 ± 16 6.6 ± 0.4 

 

 



Table 3. Maximum dose rate above background associated to the zones where the 

samples were collected. Background of the area: 0.09 μSv/h. Note: MO was the only 

raw material present in the facility when the dosimetric sampling was performed. 

CODE ZONE MAXIMUN DOSE RATE (μSv/h) 

MO Raw materials stacks 0.56 

PU Filtration zone 0.49 

DS Decantation zone 0.26 

TS Concentration zone 0.18 

IS Reaction/filtration zone 0.70 

ES Phosphogypsum pumping tanks 1.60 

PG1/PG2 Phosphogypsum stacks 0.25 

 


