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ABSTRACT

The aim of this work was to use phosphogypsum (FY) waste in a sustainable paving
practice involving the production of FY-foamed bitumen for road applications. For this
proposal, three FY types coming from different fertilizer industries and a reference natural
gypsum were used as foaming agents (10 wt.%), including a small quantity of sulfuric
acid (0.5 wt.%) in the foamed bitumen formulation. The foaming properties and the
rheological characterization of their corresponding binder residues were conducted by a
distance laser sensor and by dynamic shear rheology, respectively. In addition, a
physicochemical characterization of the used materials was carried out in order to
evaluate their role in the final product. Knowing that FY is a Naturally Occurring
Radioactive Material (NORM) waste, a comprehensive radioactive characterization, by
both alpha and gamma spectrometry, and an environmental evaluation, by a Dynamic
Surface Leaching Test (DSLT), were performed to comply with the EU radiological
regulation of NORM materials for building materials. In conclusion, FY-foamed bitumen
displayed enhanced engineering properties compared to that prepared with the reference
natural gypsum, satisfying the radioactive and environmental specifications established

according to the EU regulations.
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1. INTRODUCTION

Phosphogypsum (FY) is a byproduct generated in the production of phosphoric acid by
the wet process (the most common route for its production using sulfuric acid), and
contains significant concentrations of impurities (heavy metals, Fluorine, P>Os, low pH,
etc.) and natural radionuclides from 2*®U-series (Bolivar et al., 2009; Haque et al., 2020;
Huang et al., 2020; Pérez-Lépez et al., 2010; Pérez-Moreno et al., 2018). About 85 % of
FY worldwide production (more than 300 Mt every year) ends up stored in regular open
stacks, sometimes even near built-up or ecologically sensitive areas, with enormous risks
for both human health and the environment (Bolivar et al., 2009; Cuadri et al., 2014,
Monat et al., 2020). Although some attempts have been conducted for using FY in the
fields of construction (Kacimi et al., 2006; Rosales et al., 2020) or agriculture (Al-Enazy
et al., 2018; Karim et al., 2019; Zrelli et al., 2018), the presence of these impurities and
U-series radionuclides considerably worsens the final properties of the resulting
materials. Therefore, the scientific community is being pressured to propose sustainable
process routes for FY valorization.

Focusing on the use of FY waste for construction applications, more precisely, in the
asphalt paving industry, the fact that bitumen is considered an environmentally friendly
way to immobilize Naturally Occurring Radioactive Material (NORM) radioactive waste
like FY (Ojovan and Lee, 2005), opens up novel lines of research for pavement engineers.
In this sense, the traditional use of FY waste has been to replace a portion of the mineral
aggregate used in the formulation of asphalt mixtures for roads applications (which are
composed by a ca. 5/95 wt.% ratio of bitumen/aggregates). In a previous work (Cuadri et
al., 2014), it was demonstrated that FY can also act as bitumen modifier when a small
quantity of sulfuric acid (0.5 wt.%) is added in the bitumen processing protocol. Thus,

FTIR results revealed that sulfuric acid addition at 150 °C is able to release the phosphorus
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contained in the crystalline structure of FY, allowing reactions with bitumen’s
compounds and giving rise to an improvement in the rheological response of the resulting
binder.

Interestingly, in the present paper, it is proposed the use of FY waste as foaming agents
to prepare foamed bitumen for asphalt paving applications. This is possible through the
significant waster associated to the molecular structure presents in the FY waste. Foamed
bitumen can be obtained either by employing of water bearing additives or by direct
addition of water, which is converted to steam, into hot bitumen (Abreu et al., 2017). As
an alternative to the production of Hot Mix Asphalt (HMA), which requires mixing the
bitumen with aggregates at temperatures up to 180 °C to obtain an appropriate coating of
the mineral, the use of foamed bitumen is considered a sustainable paving practice.

It enables a coating at reduced temperatures due to the much higher surface area of foam
compared to hot bitumen. Consequently, the use of foamed bitumen in the paving
industry, which is framed within the Warm Mix Asphalt techniques, brings with it a
reduction of greenhouse gas emissions (Dinis-Almeida and Afonso, 2015), energy
savings and an improvement in the safety conditions for operators (Zaumanis et al., 2012).
Therefore, this paper proposes the use of FY waste in a sustainable paving practice
involving the production of FY-foamed bitumen for road applications. The foaming
properties and the rheological characterization of their corresponding binder residues
(i.e., the resulting material after the foaming process) were conducted to this end.
Furthermore, a physicochemical characterization of used materials was carried out in
order to evaluate their key role in the final applicability of this waste for paving
applications. In addition to that, a comprehensive radioactivity and environmental

implication evaluation were performed to comply with the radioactive specifications
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when NORM materials are used in building materials, and with the environmental

requirements related to the release of the contaminant substances.

2. EXPERIMENTAL SECTION

2.1. Materials

A bitumen with values of penetration and R&B softening temperature of 55 dmm and
52.4 °C (according to EN 1426 and EN 1427, respectively) was used as base material for
the preparation of foamed binders.

Three phosphogypsum samples and a reference sample of natural gypsum were used as
foaming agents for the preparation of the phosphogypsum-foamed binders. On the one
hand, the phosphogypsum samples used in this work come from different phosphoric acid
production industry installed in various parts in the world, concretely in Spain (referred
to as SFY, hereinafter), Tunisia (TFY) and Saudi Arabia (AFY). All samples were taken
in different point of their local disposal, with the aim of achieving representative
materials. In addition, prior to the analysis, the samples were dried in an oven at 50 °C,
in order to avoid the loss of the structural water, and finally they were homogenised. This
waster is associated to the molecular structure of compounds, which is lost at temperature
higher than 100 °C. On the other hand, a natural gypsum (NG) sample, supplied by
“Grupo Cemento Portlant Valderrivas”, was also used to prepare a reference foamed
binder. Finally, sulfuric acid, H2SO4 (96 wt.%), supplied by Panreac, S.A., was also used
in the formulation of the phosphogypsum-foamed binders.

2.2. Foamed binder processing

The general procedure to prepare the foamed binders consisted in mixing molten base
bitumen and 10 wt.% of foaming agent (i.e., each FY or NG), in a cylindrical vessel
partially submerged in an oil bath, for 15 min at a selected foaming temperature. After

this mixing time, 0.5 wt.% sulfuric acid, H2SOs, (referred to the total weight of bitumen
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and foaming agent) was added to the blend and the agitation was then stopped. At that
time, the foaming process starts and the evolution of the foam height with time (up to 600
s) was monitored by a laser device DLS-C 15 distance laser sensor (Dimetix AG) placed

on the top of the mixing vessel (Figure 1).

IKA RW-20 stirring device Distance laser sensor

Oil bath

Mixing vessel

Figure 1. Equipment used to conduct the foaming test and the height foam recording.
In a previous paper (Cuadri et al., 2014) it was demonstrated that the addition of sulfuric
acid to bitumen is necessary to the release of phosphorus from the crystalline structure of
phosphogypsum. Similarly, foaming process only occurs after sulfuric acid addition to
bitumen. Therefore, sulfuric acid could be considered as the “promoting” agent for the
release of both phosphorus and structural water containing in the phosphogypsum.

The evolution of the height foam with foaming time (600 s) is used to calculate the
expansion ratio (ER) which provides valuable information about the foamability and

workability of the resulting mixture (Abreu et al., 2017; Hailesilassie et al., 2015). This
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parameter is defined as the ratio of foam volume achieved at each time to the original
volume of its bituminous binders before foaming. Since the cross section of the mixing
vessel is constant, ER is calculated using the height foam as follows:

_ Veoam _ Nfoam Svessel _hO-ht

ER i (O

Vbinder hbinder ' SVessel

where “hy” is the initial height of the binder just before foaming starts (i.e., just before
sulfuric acid addition), “ho” is the distance between the laser device and the surface of the
binder just before foaming, and “h;” 1s the distance the laser sensor device and the surface
of the binder for each time during the foaming process. The meaning of these parameters

(“hy”, “ho”, “h¢”) s illustrated Figure 2.

During foaming <—~ » Just before foaming

Figure 2. Image illustrating the meaning of the parameters (“hy”, “ho” and “h;”) used to

calculate ER.
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Once the foaming tests were finished, the foamed binder residue was stored in a freezer
for further characterization. In addition, a portion of bituminous blend before sulfuric acid
addition (i.e., before foaming) was also taken for its characterization.

With the goal to study the influence of phosphogypsum source and foaming temperature
on both foaming and binder residues properties, Table 1 gathers the different foaming
tests conducted in this work. In addition, to quantity the effects of acid bitumen
modification on the properties of the resulting binder residues, three more blends
containing only base bitumen and 0.5 wt.% H2SO4 were prepared with the same stirring
device, for 1 h, at 130, 140 or 150 °C. These bituminous binders will be referred to as
B130, B140 and B150, respectively.

Table 1. Nomenclature, foaming agent and foaming temperature used for the

preparation of the foamed binders.

Nomenclature Phosphogypsum Foaming temperature (°C)
NG150 Natural gypsum (NG) 150
SA150 Saudi Arabia (AFY) 150
T150 Tunisia (TFY) 150
S150 Spain (SFY) 150
S140 Spain (SFY) 140
S130 Spain (SFY) 130

Finally, a rubbery polymer/bitumen blend (SBS, hereinafter) prepared with 3 wt.% of
styrene-butadiene-styrene Kraton D1101 was also processed by using a Silverson LSM
homogenizer at 180 °C, for 2 h and 6000 rpm. This polymer concentration is typically
used for paving applications.

2.3. Pretreatment and physicochemical characterization

In order to achieve accurate rheological measurements, the gap size of a rheometer device
must be at least ten times the maximal particle size (de Sousa Mendes at al., 2014).
Therefore, FY and NG samples were subjected to a reduction of grain size by grinding in

a mortar, with the aim of avoiding the presence of particles larger than 100 pm. In this
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sense, the samples under study were mostly classified as silt (50-60 %, 4-62 um) and sand
(30-40 %, 62-100 um), with a maximum in the particle distribution (% volume) about 70
um. The particle size range was determined by laser diffraction analysis through
Matersizer 2000 equipment. A representative amount of each sample was placed in water
and subjected to ultrasound for 10 min, followed by magnetic stirring for approximately

30 min.

In addition, the samples were subjected to a chemical characterization using different
analytical techniques. The major elements were determined by X-Ray Fluorescence with
a Panalytical Axios XRF equipment. The measurement method used was
semiquantitative for flat solid samples with a diameter greater than 25 mm. Mass
Spectrometry (Perkin Elmer Sciex ELAN 9000 equipment) and Optical Emission (Varian
735 ES instrument) Spectrometry with Inductively Coupled Plasma (ICP-MS / OES)
were used to trace element quantification. Prior to analysis, samples were digested by
combining four acids (hydrochloric, nitric, perchloric and hydrofluoric). The crystalline
phases were determined by X-ray diffraction using Panalytical XractPert Pro
diffractometer. The minerals identification was performed using an X’PertHighScore
Plus Software with PDF-4 ICDD database, and the quantification using the Rietveld
method. The amount of structural water was analysed by thermobalance Q-50 from TA
Instruments. The operating conditions used were 25-600 °C with a heating rate of 10 °C
min' and an inert atmosphere of N, with a flow of 50 mL-min™.

All techniques and methodologies have been previously validated using blank samples,
reference materials and replicates to guarantee the measured absolute values and the

reproducibility of the measurements.

2.4. Radioactive characterization
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The activity concentrations of natural radionuclides were measured by alpha spectrometry
(34238y, 230232Th, and 2!°Po) using ion implantation Si (PIPS) semiconductor detectors,
EG & G Ortec. The isolation of radionuclides was performed by a sequential
radiochemical procedure with tributylphosphate (TBP) and ion chromatographic resins.
Then, the alpha source was prepared by electrodeposition (>*+238U, 239-232Th) in stainless-
steel discs and self-deposited onto silver disks (*'°Po). Furthermore, gamma spectrometry
was also employed (>'°Pb, 2*?28Ra and “°K) using an Extended Range (XtRa) coaxial Ge

Camberra detector GX3519.

2.5. Environmental characterization

The release of the contaminant substances from the binder residues here obtained was
evaluated according to CEN/TS 16637-2:2014 (Construction products - Assessment of
release of dangerous substances) specification of the European Commission for
construction products. This regulation specifies a Dynamic Surface Leaching Test
(DSLT) which is aimed at determining the release per unit surface area as a function of
time of inorganic substances from a monolithic when it is put into contact with an aqueous
solution (leachant). The leaching test was performed in duplicate for each binder residue,
in order to assess the repeatability of the procedure.

DSLT methods applies to regular shaped test portions consisting of monolithic test pieces
with minimum dimension of 40 mm in all directions (volume > 64 cm?). The test portion
of the product is placed in a 1L leaching vessel of High Density Polyethylene (HDPE)
and the exposed surface is completely submerged in demineralized water, which is used
as leachant solution. The space between the exposed surfaces of the test portion and the
inner walls of the leaching vessel was at least 20 mm as recommended. The leachant is
introduced in the leaching vessel up to given volume of liquid to surface are ratio (L/A)

of 80 £ 10 L m™, renewing the leachant at predetermined time intervals (Table 2). Then,

10
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the eluate in each step is removed from the leaching vessel, being pH and electrical
conductivity measured immediately. These parameters were determined using a probe
portable multiparametric CRISON MM40+. The eluate is filtered and reserved for
analysis. In addition, a blank test is carried out follow the same procedure, in order to
detect, as far as possible, contamination from equipment and reagents.

Table 2. Renewal times of the leachant according to CEN/TS 16637-2:2014.

Step/fraction Duration of the specific step Duration from the start of the test

1 6 h =15 min 6 h

2 18 h+ 15 min 1 day (d)
3 1dand 6 h +45 min 2dand 6 h
4 1dand 18 h +75 min 4d

5 5d+75min 9d

6 7 d %75 min 16d

The eluates were analyzed by ICP-MS and alpha spectrometry. The analysis provides the
value of the concentration of the substances in the eluates of the individual time steps.
The accumulative released concentration for each element “C,” is defined as the sum of
the concentration in each step (from step 1 to step 6) and can be expressed by the next

expression:

ct=ici )
i=1

Where “period 1” defined the leaching step “i’; “n” is the total steps; “C;” is the
concentration of a substance in eluate, in pg/L. In addition, the accumulative area released
(Rn), total quantity of a substance released per area, were calculated for each substance
(in mg m? geometric surface area of the specimen), using the volume (V) of the leachant

agent in L, and the area (A) of the test portion, in m?.

\%
Rn:Ct' K (3)

11
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Finally, the transfer factor (1);) for a substance “‘j’’ is defined as the released mass of each
substance in relation to its initial mass in the material, and it is given by the following

equation:

SV 100 (4
Cym (4)

(%)=
Where “C,” 1s the accumulative released concentration of a substance (in pg/L), “V” is
the leachate volume (in L), “Cyp” is the concentration of a substance in the tested specimen
(in pg/kg), and “m” their mass employed in each blend (in kg).
2.6. Rheological characterization
In order to evaluate the applicability of this foamed asphalt technology for paving
applications, it is essential to measure the rheological properties of the binder residues
(i.e., residue after foaming), since it will be the final binder forming the paving material.
To that end, a controlled-stress rheometer Physica MCR-301 (1 mm gap and 25 mm plate-
plate geometry) was used. Two rheological tests were performed: a) viscous flow curves,
at 60 and 135 °C; and b) temperature sweep tests in oscillatory shear mode, at 10 rad !
and within the linear viscoelastic interval (1 % strain), from 30 to 100 °C, at a heating
ramp of 1 °C min™'. For the sake of comparison, bitumen samples just before sulfuric acid
addition (i.e., before foaming), rubbery binder (SBS) and samples containing bitumen and
sulfuric acid (B130, B140 and B150) were also measured. In order to assure the
repeatability of the rheological results, at least three replicates were performed on every
bituminous binder studied.
3. RESULTS AND DISCUSSION
3.1. Physicochemical characterization
The physicochemical characterization of the different FY types and the NG includes the
mineral composition (Table 3), major and trace elements (Table 4), and the

thermogravimetric analysis (Table 5).

12
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Table 3. Mineral composition (%) for the different phosphogypsum types and the

252 natural gypsum.
Mineral Specie SFY TFY AFY NG
Gypsum (CaSO4-2H20) 95.0 75.7 9.6 88.5
Anhydrite (CaSOs) 3.6 ND 7.3 ND
Bassanite (CaSOa- 1/2H,0) ND ND 79.3 ND
Quartz (Si0») 1.3 17.8 3.7 0.9
Dolomite (CaMg(CO3)2) ND ND ND 10
Ilite (K,H30)(Al, Mg, Fe)2(Si, Al)4010) ND ND ND 0.6
Apatite (Cas (PO4)3 (F, Cl, OH)) ND 6.5 ND ND
253  ND: Not Detected
254
255 Table 4. Major and trace elements composition of the different phosphogypsum types
256 and the natural gypsum.
Element Unit Detection Limit (DL) SFY TFY AFY NG (%)
Al % 0.01 0.08 £0.08 0.51 £0.10 0.12+0.04 1.43+£0.07 4.1
Ca % 0.01 22511 225+1.1 252+1.1 157%038 2.6
F % 0.01 1.26 £ 0.06 NM 1.37 £0.48 <DL 0.06
Fe % 0.01 0.03 £0.03 0.29 +£0.06 0.09 +£0.02 0.95+0.19 3.7
Mg % 0.01 <DL 0.07+0.02 0.03+0.01 2.23£0.11 1.5
Na % 0.01 0.07 £0.07 0.39 £0.08 0.12 +0.07 0.03 £0.03 2.4
P % 0.01 0.22 £0.04 3.51£0.18 0.74 £0.21 0.01 £0.01 0.07
K % 0.01 <DL 0.13+£0.03 0.05+0.02 0.90+0.18 2.3
S % 0.01 16.7+0.84 185+0.9 17.6+0.7 9.73+049 0.06
Si % 0.01 0.40+0.08 11.3+0.6 1.74+0.28 3.34+0.17 31
Ti % 0.01 0.02 £ 0.05 0.02 +0.02 0.03+0.03 0.10+0.02 0.38
LOI % - 23.7 12.3 13.4 37.3 -
Ag ppm 0.05 0.5+0.1 053+£0.11 0.27 £0.05 <DL 0.05
As ppm 0.1 64+13 870+1.7 1.90+£0.90 1.40+£0.30 5.7
B ppm NM 10.0 £ 2.0 NM NM 47
Ba ppm 470+94 430+£8.6 450+£9.0 118%6 628
Cd ppm 0.1 1.30+£0.26 80.2+4.0 0.65+0.21 <DL 0.09
Co ppm 0.1 <DL 0.60+0.60 0.21 £0.21 3.50 +£0.70 15
Cr ppm 0.5 159+08 112+£5.6 100+3.0 295+1.5 73
Cu ppm 0.2 52+1.0 9.00+1.80 2.00+1.00 6.30 +1.30 27
Hg ppm 0.01 0.06 £ 0.06 0.33 £0.07 NM 0.04 £ 0.04 0.05
Mn  ppm 1 170+£34 350+£7.0 240+£80 19910 603
Mo  ppm 0.05 0.68 £0.14 4.10£0.20 NM 0.78 £0.16 0.6
Ni ppm 0.5 22404 820%1.64 1.30+040 10.3%0.5 34
Pb ppm 0.5 53+£1.1 11.8+£06 1.7+0.2 5.70%1.10 17
Sb ppm 0.1 0.10 £0.10 <DL NM 0.50 £ 0.50 0.75
Se ppm 0.1 <DL 11.2+£0.6 NM 0.20 £0.20 0.09
Sn ppm 1 <DL <DL NM <DL 2.2
Sr ppm 0.2 376 £19 916 +46  226+13 > 1000 320

13



Th ppm 0.1 0.60£0.12 2.80+£0.6 0.19+£0.07 2.30+0.46 11
U ppm 0.1 4.60+£092 124+£06 88+19 750+1.5 2.7
A% ppm 1 30£3.0 14.0+£28 NM 27.0+£5.4 106
Zn ppm 0.2 105£0.5 652+£33 152+1.0 18.1+0091 75
257  NM: Not Measured
258  (*) Average composition of the upper continental crust (Hu and Gao, 2008).
259
260 Table S. Thermogravimetric analysis data of the different phosphogypsum types and
261 the natural gypsum.
Sample Peak (°C) Temperature range (°C) Lost mass (%) Lost Specie
SFY 131 78-155 18.5 H>O
TFY 129 97-150 114 H>O
AFY 84 50-100 3.1 H>O
120 100-140 5.3 H>O
NG 122 84-152 134 H>O
512 480-530 1.2 CO2
262
263  The phosphogypsum generated in the Spanish facility (SFY) contains gypsum (95 %
264  CaSOs4-2H»0) as principal mineral fraction, containing 18.5 % of structural water. This
265  fact is mainly related to their major elements content, 22.5 £ 1.1 % of Ca and 16.7 + 0.84
266 % of S. As, Cd, Cr, Cu, Ni, Pb, Sr and Zn are some of the trace elements found on its
267  composition.
268  In the phosphogypsum from Tunisia industry (TFY), the main mineral fraction is also
269 gypsum (75.7 % CaSO42H20), but quartz (17.8 % SiO2) and apatite
270  ((Cas(PO4)3(F,Cl,OH))) are also presented. A not complete of digestion during the
271  process justify the presence of apatite, while quartz is refractory material and is not
272  digested by sulfuric acid. The proportion of these species confirm the major elements
273 composition: Ca (22.5 £ 1.1 %), S (18.5 £ 0.9 %), Si (11.3 £ 0.6 %) and P (3.51 £ 0.18
274 %, associated with apatite mineral). It has been determined that the structural water in the
275  sample is 11.4 %. In respect of the trace element, As, Cd, Cr, Cu, Ni, Pb, Se, Sr and Zn
276  are detected.

14



277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

The mineral phases presented in the phosphogypsum from Saudi Arabia (AFY) are 79.3
% of bassanite (CaSOas-1/2H20), 9.6 % of gypsum (CaSO4-2H>0), 7.3 % of anhydrite
(CaSO4) and 3.7 % quartz (SiO2). The presence of these species is related to the
proportion of the major elements found, 25.2 £ 1.1 % of Ca, 17.6 £ 0.7 % of S and 1.74
+ 0.28 % of Si. In addition, As, Cd, Cr, Cu, Ni, Pb, Sr and Zn were detected. The total
quantity of the structural water is 8.4 %.

The NG is composed of 88.5 % of gypsum (CaSO4-2H>0) and 10 % of dolomite
(CaMg(CO3)2) as main mineral phases. The major element concentration is related to
these mineral phases, while As, Cr, Cu, Ni, Pb and Zn are detected as trace element. The
structural water is 13.4 % of the total sample.

3.2. Foamability and rheological characterization of foamed binder residues

3.2.1. Effects of foaming temperature on foamability

With the objective to evaluate the effects of foaming temperature on foamability, foaming
tests at three different temperature (130, 140 and 150 °C) were conducted on the binders
prepared with the phosphogypsum of Spain (SFY). This FY was selected for this study
since it displayed the highest structural water content of all. The ER is the typical
parameter for evaluating the foamability, since it is related to the viscosity of the foam
and, thereby, to the wettability of the foamed bitumen and the workability of the resulting
mixture (Abreu et al., 2017; Hailesilassie et al., 2015). Figure 3 shows the evolution of

ER with time for these phosphogypsum-foamed binders.
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Figure 3. Evolution of expansion ratio (ER) with time for the foamed binders prepared
with the phosphogypsum of Huelva (SFY) at three different foaming temperatures (130,
140 and 150 °C).

As can be seen, significant differences are observed by changing the foaming
temperature. On the one hand, the binders foamed at 140 and 150 °C (S140 or S150 in
Figure 3) present a similar qualitative evolution of ER with time, which is characterized
by the appearance of two ER maximums (ERmax) and a progressive decay of ER until
values higher than 1. However, these maximums appear with less intensity and at higher
times for the foam prepared at 140 °C. On the other hand, at 130 °C, no foam is created,
since ER values remains close to 0 (S130 in Figure 3). In general terms, the foaming
properties can be explained on the basis of two combined effects: a) the structural water
content of each phosphogypsum, and b) the binder’s viscosity just before the foaming
starts. With regards to the latter, knowing that bubbles collapse when the elongation limit

of the covering film is overlapped, it is expected that a binder with higher viscosity leads
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to a greater progressive accumulation of unbroken bubbles, resulting in higher values of
ERmax and tmax (He and Wong, 2006). This characteristic time (tmax) is the foaming time
for which an ER maximum is attained. However, and contrary to what is to be expected,
ERmax values are considerably reduced when the foaming temperature decreases from 150
up to 140 °C, and no foam is produced at 130 °C. In this sense, Cuadri et al. (2014)
reported that the release of phosphorus from the crystalline structure of phosphogypsum
takes place when the addition of sulfuric acid to bitumen occurs at 150 °C and not at 90
°C. Similarly, we may assume that the release of structural water could be also favoured
when the foaming test is carried out at higher temperatures, as deduced from the ERmax
values for the foam prepared at 150 °C and 140 °C (S150 and S140 in Figure 3). In
addition, the release of structural water would not be detectable at 130 °C and,
consequently, there is no foaming.

3.2.2. Effects of phosphogypsum source on foamability

With the purpose of exploring the effects of phosphogypsum source on foaming
properties, Figure 4 displays the evolution of ER with time for the phosphogypsum-
foamed binders prepared at a foaming temperature of 150 °C using the different FY types

(Figures 4A, 4B and 4C).
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330 Figure 4. Evolution of expansion ratio (ER) with foaming time for the foamed binders
331 prepared at a foaming temperature of 150 °C.

332  This foaming temperature (150 °C) was selected for this purpose since it resulted in the
333  highest ERmax values (see Figure 3). The corresponding curve obtained from the natural
334  gypsum is included as reference (Figure 4D). Although the evolution of ER follows the
335  same general pattern, which is characterized by an increase up to a maximum value
336  (defined by ERmax and tmax) and then a decay until the final foaming time (600 s),
337  significant differences on their foaming properties can be noticed. Thus, the values of
338  ERmax, tmax and the foaming rate (i.e., the slope of the curve during the expansion step
339  until ERmax is achieved) depend on the FY used to prepare the bituminous binder.
340  Interestingly, the viscosity values at 60 °C of the three phosphogypsum-binders before
341  foaming are similar (ca. 275 Pa-s), as will also be commented in Figure 6. Therefore, the
342  differences in foaming properties among them should be related to the structural water

343  content of each FY. In order to corroborate this assumption, Figure 5 shows the
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dependence of ERmax and tmax with the structural water content for the three
phosphogypsum-foamed binders (those values corresponding to the foam prepared with

the natural gypsum has been also included).
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Figure 5. Dependence of ERmax and tmax with the structural water content for the three
phosphogypsum-foamed binders.

From Figure 5, two conclusions of paramount importance can be highlighted: a) on the
one hand, the foam takes less time to reach ERmax as structural water content increases,
as deduced from the lower tmax values; b) ERmax values increase as structural water content
does. In addition, ERmax and tmax values calculated for the phosphogypsum-foamed
binders follow a reasonable good linear fitting with the structural water content.

With regards to the workability of these foamed binders, the time elapsing between the
foam reaches ERmax and ER~0 is a measure of the foamed bitumen’s stability, and
provides valuable information about the time available for its mixture production (Abreu
et al., 2017; Hailesilassie et al., 2015). Interestingly, whereas this time for a standard

bitumen foaming by water addition is less than 100 s (Abreu et al., 2017; Hailesilassie et
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al., 2015), ER value after 600 s of foaming time (Figure 4) is higher than 1 for S150 and
T150 samples, and with a value closer to 1 for SA150 and NG150 samples. Thus, when
necessary, operators have more time to conduct the lay-down and compaction operations
compared to traditional water-foamed bitumen.

3.2.3. Rheological characterization of foamed binder residues

The applicability of this foaming procedure for paving industry was assessed by
rheological measurements conducted on the binder residues, since these materials will be
the final binders forming the paving material. To that end, viscous flow curves, at 60 and
135 °C, and temperature sweep tests in oscillatory shear mode were conducted on them.
Figure 6 displays the viscous flow curves, at 60 °C, for the base bitumen and their
corresponding phosphogypsum modified binders prepared at 150 °C before and after
foaming process. This testing temperature is usually considered as the maximum
temperature that a pavement exposed in warm climates could reach. As references, SBS
rubbery (SBS), acid (B150) and natural gypsum (NG150) bituminous samples have been

also included.
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Figure 6. Viscous flow curves, at 60 °C, for base bitumen (Base), rubbery reference
binder (SBS), H>SOu4/bitumen blend prepared at 150 °C (B150) and phosphogypsum
binders before/after foaming prepared at 150 °C.

It can be observed that base bitumen and bituminous samples before foaming process
present a Newtonian response characterized by constant values of viscosity in the entire
range of shear rate considered. Thus, the mere addition of FY or NG only produces a poor
increase in viscosity, which goes from approximately 250 Pa-s, for the base bitumen, up
to 275 Pa-s, for all these modified binders. Interestingly, if a 0.5 wt.% sulfuric acid is
added to them, their corresponding residues display a different rheological response. This
behaviour is characterized by a Newtonian region at low shear rate with value of viscosity
(o), followed by a shear-thinning drop when a threshold value of shear rate is surpassed.
Interestingly, this change in the rheological response from Newtonian to shear-thinning
behaviour reveals the development of a more complex microstructure which is more

susceptible to shear rate (Cuadri et al., 2020). Interestingly, although all phosphogypsum-
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binders before foaming process present the same viscosity at ca. 275 Pa-s, the bitumen
modification level achieved by their corresponding residues (referred to as “after
foaming” in Figure 6) depends on the phosphogypsum used. This viscosity increase
becomes more than one order of magnitude for the residue resulting from the
phosphogypsum of Saudi Arabia (SA150), reaching a value of 1650 Pa-s, which is clearly
higher than that observed for the rubbery SBS sample (SBS).

From a point of view of its final paving application, these results indicate that the AFY
phosphogypsum, and at the processing conditions here proposed, would lead to
bituminous binders with better resistance to permanent deformations at high in-service
temperatures (Biro et al., 2009; Morea et al., 2010) than the rubbery reference SBS-
binder.

Aiming to quantify the bitumen modification achieved at high in-service temperatures,

the values of 1o has been used to define a modification index, M.1.59C, as follows:

M.].60°C = Mo binder Mo,B150

(5)

No,B150
where “Nopinder” 18 the 1o value of each binder residue and “noiso” that value for the
bituminous binder prepared with 0.5 wt.% sulfuric acid at 150 °C. It is noteworthy that
processing temperature (150, 140 or 130 °C) does not alter the 1o values for the binders
prepared only with sulfuric acid (result not shown). Hence, this index quantifies the
viscosity increase in the binder residues due to FY (or NG) addition, regardless the

viscosity increase produced by the sulfuric acid bitumen modification.
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Figure 7. Modification index, M.1.°", for all the binder residues.
As deduced from Figure 7, bitumen modification by NG (NG150 sample in Figure 7) or
by the FY of Tunisia (T150) only produces a slight viscosity increase in their
corresponding binder residues. These values are increased by using the phosphogypsum
of Spain at any foaming temperatures (S150, S140 or S130), and the greatest value is
observed for binder prepared with the phosphogypsum of Saudi Arabia (SA150).
Interestingly, while the foamability of the different phosphogypsum (which was
evaluated by the ERmax parameter) is related to the structural water content, the viscosity
increase noticed on the binder residues can be explained by the amount of phosphorus
available for reactions with bitumen’s compounds (Giavarini et al., 2000; Masson, 2008).
Thus, the AFY phosphogypsum shows the highest phosphorus content (0.74 wt.%),
followed by the SFY phosphogypsum (0.22 wt.%), while only traces of phosphorus can
be detected in the natural gypsum; however, the TFY phosphogypsum displays its

phosphorus associated with apatite mineral and, therefore, there is not free phosphorus
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available to react with bitumen’s compounds. This fact explains the poor increase in
M.L.%C values for the AF150 binder residue.

Apart from the viscous flow curves at 60 °C, temperature sweep tests in oscillatory shear
mode were conducted on these samples and plotted in the form of loss tangent (tan 9,
which is defined as the ratio of viscous, G’’, and elastic, G’, moduli), and rutting
parameter (|G*|/sin d) in Figures 8 and 9, respectively. As seen, all samples display, in
the temperature interval studied, a predominant viscous character (tan 6 > 1), which is
more apparent as temperature rises. Interestingly, phosphogypsum binder residues after
foaming present enhanced binder elastic properties, since these binders display a decrease
in tan 6 values compared to base bitumen. Thus, tan d values for SA150 binder becomes

even lower than those observed for the rubbery SBS binder.
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Figure 8. Evolution with temperature of loss tangent (tan d) for for base bitumen
(Base), rubbery reference binder (SBS), H>SO4/bitumen blend prepared at 150 °C
(B150) and phosphogypsum binder residues prepared at 150 °C.

Moreover, the evolution of rutting parameter (|G*|/sin §) with temperature for these
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selected binders are displayed in Figure 9. Rutting parameter was considered by Strategic
Highway Research Program (SHRP) for evaluating if a bituminous binder meets the
rutting resistance requirements at the average seven-day maximum pavement design

temperature, being this value the temperature attained when |G*|/sin 6 equals 1 kPa.
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Figure 9. Evolution with temperature of rutting parameter (|G*|/sin d) for for base
bitumen (Base), rubbery reference binder (SBS), H2SO4/bitumen blend prepared at 150
°C (B150) and phosphogypsum binder residues prepared at 150 °C.

Thus, calculated temperatures from Figure 9 (which were not obtained from the
experimental procedure stated by the standard but it stands for an easy way to establish a
comparative analysis) show a significant increase in the resistance to permanent
deformation at high in-service temperatures for the phosphogypsum binder residues.
Thus, while this limiting temperature (and, therefore, rutting resistance) takes a value of
67.2 °C for the base bitumen, this parameter increases to values of 74.4, 76.5 and 79.1 °C

for T150, S150 and SA150, respectively. These values are even higher than that observed
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for the SBS sample (71.9 °C). These results are in line with those observed from viscous
curves at 60 °C (Figure 6), and again, they make it clear that AFY phosphogypsum would
lead to bituminous binders with better resistance to permanent deformations at high in-
service temperatures than the rubbery reference SBS-binder.

Finally, phosphogypsum binder residues viscosity at 135 °C is of particular interest in
evaluating the pumpability, mixability and workability of warm mix asphalt (Yuliestyan
etal., 2016). Following the standard AASHTO MP320, viscosity at this temperature must
be maintained below 3 Pa-s for the binder to be adequately pumped, mixed with the
mineral aggregates, and the resulting asphalt mix to be properly laid down and compacted
(Silva et al., 2010). Figure 10 shows the viscous flow curves at 135 °C for these selected
binders. In spite of the increases in viscosity at 60 °C (Figure 6), elastic properties (Figure

8) and rutting parameter (Figure 9) found, the phosphogypsum binder residues fulfil this

specification.
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Figure 10. Viscous flow curves, at 135 °C, for for base bitumen (Base), rubbery
reference binder (SBS), HoSO4/bitumen blend prepared at 150 °C (B150) and
phosphogypsum binder residues prepared at 150 °C.

In summary, the foaming process here proposed produces binder residues with enhanced
bitumen behaviour at high in-service temperatures (increase in binder viscosity at 60 °C
and enhance elastic properties), and with adequate properties in terms of pumpability,

mixability and workability.

3.3. Radiological and environmental implications

Finally, the phosphogypsum binder residues must comply with the radiological and
environmental specifications. The European Union (Radiation protection 112, 1999) has
proposed to the European countries to control the radioactivity content in building
materials when NORM materials are used. The purpose of setting controls on the
radioactivity of building materials is to limit the radiation exposure due to materials with
enhanced or elevated levels of natural radionuclides. For that, an activity concentration
index (I) is defined to ensure that external dose received by population from building do
not exceed 1 mSv per year. In this sense, I should be < 1 for materials used in bulk

amounts and is defined as follow:

C226Ra C228Ra C40K
L CCPR) | CCPRa) )
300 200 3000

where C(?*°Ra), C(**®Ra) and C(*°K) are the activity concentrations for 226Ra, 2*®Ra and
40K, respectively, in the building material considered, expressed in Bq kg~'. The activity
concentration of natural radionuclides of FY types, NG and base bitumen are gathered in
Table 6.

Table 6. Activity concentration (Bq kg™') of natural radionuclides of phosphogypsum,

types, natural gypsum and base bitumen.

Detection Limit SFY TFY* AFY NG BIT (*%)
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210p, 0.5 617+13 NM 189+5 13+2 <DL 45

By 0.5 66+4 129 120+x7 11+2 <DL 45
238y 0.5 55+#3 113 117+8 12+2 <DL 45
20T 0.5 466 +51 NM 178+6 18+2 <DL 45
22ThH 0.5 5416 NM 23+02 72+1.1 1.2+1.0 40
210pp, 13 714+7 316 227+5 163+4 <DL 45
226Ra 2.6 536+6 360 213+7 147+09 <DL 45
28Ra 4.9 64+16 32 37+05 86+13 1.2+1.0 40
WK 20 46 £7 80 22+3 327+11 145 500

494  DL: Detection Limit (1 Bq kg™).

495  NM: Not Measured.

496  (*) Uncertainty not given.

497  (**) Average concentration of natural radionuclides in the Earth crust (UNSCEAR,
498  2000).

499

500 Interestingly, the values obtained for S150, S140, S130, T150, SA150 and NG150 binder
501 residues were 0.17, 0.17, 0.15, 0.13, 0.07 and 0.02 mSv y‘], respectively; consequently,
502  these materials satisfy the criterion established.

503  On the other hand, the pH and Electrical Conductivity (EC) measured in the eluates of

504  residues obtained at 150 °C are represented in the Figure 11A and 11B, respectively.
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Figure 11. Evolution of (A) pH and (B) EC in eluates of H2SOu/bitumen blend prepared
at 150 °C (B150), natural gypsum binder residue (NG150) and phosphogypsum binder
residues prepared at 150 °C.

The H>SOu/bitumen specimen (B150) pH is about 2.8 and 2.9 in the first and second

eluate fraction, respectively, increasing up to 5 in the following lixiviation steps. The
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natural gypsum binder (NG150) shows a slightly lower value in the first fraction (pH =
2.5), progressively increasing in the next steps up to finally a constant value of 5.5. As
for the FY residues (S150, SA150 or T150), the first eluates have a pH similar to NG150
residue, while in the second eluates the values are closer to ones the found in B150
residue, reaching finally a pH = 5.5 that is kept constant in the successive leaching steps.
The low pH in the first steps is attributed to the sulfuric acid added to the blends. On the
contrary, the EC value decreased with leaching steps, as it is expected. The B150 residue
has about 300 uS cm™ in the two first fractions, reducing drastically to value below 5 uS
cm in the others. The NG150 sample and FY residues present higher values in the first
step, reaching values close to 1000 uS cm™. In the second eluates, these values are
practically halved and continue minimizing to the same values as B150 residue in the last
steps. The high EC value in the first fractions indicate a high ions content in solution,
reducing as the leaching stages increase.

On the other hand, the concentration of the substances in each eluate are shown in Table
7, as well as the total released concentration (Cy), the accumulative area released (R,) and

transfer factor (n).
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7332)
1

Table 7. Concentration (ppb) in the eluate in each “i” step, the total released concentration (C,), the accumulative area released (R,) and transfer coefficient

(n;) (Uncertainty is given by the standard deviation of two measurements).

Elements ‘ As ‘ B ‘ Ba ‘ Cd ‘ Co ’ Cr ‘ Cu | Ni | Pb ‘ Sb ‘ Se ‘ Sr ‘ Th ‘ U ‘ v ‘ Zn
B150
B150-il 0.73 1.87 0.284 <LD <LD 0.095 0.938 1.44 0.489 0.039 <LD <LD <LD 0.01 0.040 38.1
B150-i2 1.13 2.59 1.765 <LD <LD 0.388 14.6 1.45 0.760 0.045 <LD <LD <LD <LD 0.032 58.0
B150-i3 0.28 1.57 0.265 <LD <LD 0.050 0.395 0.099 0.101 0.067 <LD <LD <LD <LD 0.029 21.8
B150-i6 <LD 1.70 0.183 <LD <LD 0.025 <LD <LD 0.152 0.025 <LD <LD <LD <LD 0.011 21.1
C: (ppb) 2.15 7.73 2.50 - - 0.56 1591 2.99 1.50 0.18 - - - 0.01 0.11 139
R (mg/m?) 0.17 0.62 0.20 - - 0.05 1.29 0.24 0.12 0.01 - - - 0.001 0.01 11
$150
S150-i1 243 1.97 0.35 <LD <LD 0.38 4.80 293 0.58 0.05 <LD 2.79 <LD 0.01 0.06 41.27
S150-i2 0.87 1.95 2.07 <LD <LD 0.22 12.96 1.47 0.77 0.04 <LD <LD <LD 0.01 0.04 54.23
S150-i3 10.12 1.75 0.75 <LD <LD 0.02 1.23 043 0.24 0.04 <LD <LD <LD <LD 0.02 57.85
S150-i6 2.47 2.17 0.25 <LD <LD 0.13 0.75 0.13 0.27 0.07 <LD <LD <LD 0.01 0.02 30.34
Ci(ppb) | 159+4.0 |7.84+0.63 | 3.41 +1.47 - - 075049 | 19.7+5.6 | 4.95+0.74 | 1.86 £ 0.62 | 0.20 + 0.01 - 2.79 £1.10 - 0.03+0.01 | 0.14+0.02 | 184 +34
Ru (mg/m?) | 1.21£0.39 | 0.59 £ 0.09 | 0.26 +0.13 - - 0.06 +0.04 | 1.56 +1.28 | 0.37 £0.03 | 0.14 +0.06 | 0.01 +0.01 - 0.21 £0.10 - 0.01+0.01 | 0.01+0.01 | 13.9+3.6
1; (%) 9.42 +3.36 - 0.28 +0.17 - - 0.18+0.16 | 144+6.1 | 831+1.7 | 1.33+0.63 | 7.43 +0.48 - 0.03 +0.02 - 0.02 +0.01 | 0.18 £0.04 | 66.3+17.3
SA150
SA150-i1 0.89 1.98 1.83 <LD <LD 0.20 343 1.77 0.75 0.06 <LD 3.76 <LD 0.02 0.05 3222
SA150-i2 0.65 1.85 0.48 <LD <LD 0.20 0.78 0.54 0.67 0.03 <LD 0.83 <LD 0.02 0.02 56.67
SA150-i3 0.61 222 0.25 <LD <LD 0.29 2.85 0.72 0.50 0.03 <LD 0.59 <LD 0.01 0.02 24.03
SA150-i6 0.13 2.44 0.40 <LD <LD <LD <LD <LD 0.15 0.01 <LD 0.15 <LD <LD 0.01 9.45
Ci(ppb) |2.21+0.05 | 8.49+0.52 | 2.77 £1.20 - - 0.54+0.08 | 7.07 +2.78 | 2.67 £0.28 | 1.99 +0.88 | 0.14 +0.03 - 4.54 +2.85 - 0.05+0.02 | 0.10+0.01 | 12210
Ru (mg/m?) | 0.18 £0.01 | 0.68 £0.04 | 0.22 +0.10 - - 0.04 £0.01 | 0.57 £0.22 | 0.21 £0.02 | 0.16 £ 0.07 | 0.01 £ 0.01 - 0.37 £0.23 - 0.01 +0.01 | 0.01+0.01 | 9.86 +0.83
n; (%) 9.43 +2.80 - 0.52 +0.30 - - 0.54+0.10 | 27.8+5.6 | 18.3+24 | 9.58+5.74 - - 0.19 £0.14 - 0.26 +0.09 | 0.05+0.01 | 63.3+7.3
T150
T150-i1 0.33 2.62 0.22 <LD <LD 0.96 2.38 2.99 045 0.06 <LD 433 <LD 0.01 0.05 10.35
T150-i2 0.82 291 0.46 <LD <LD 0.68 2.52 0.89 0.23 0.05 <LD 0.76 <LD <LD 0.02 36.76
T150-i3 0.51 2.02 0.89 <LD 0.02 1.46 2.90 0.80 0.31 0.03 <LD 1.26 0.01 0.02 0.04 12.91
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T150-i6 591 3.89 0.80 0.16 0.65 0.37 2.54 1.28 0.51 0.04 <LD 1.11 <LD <LD 0.04 31.87
Ci(ppb) | 7.56£5.95 | 11.4+2.0 | 2.36+0.52 | 0.08 +£0.08 | 0.66 +£0.57 | 2.75£2.15 | 8.89 £0.72 | 5.95+1.86 | 1.11 £0.08 | 0.18 +0.06 - 7.46 +0.87 0.01 0.01+0.01 | 0.16+0.01 | 91.9 +37.6
Ra (mg/m?) | 0.60 £0.47 | 0.91£0.16 | 0.19 £0.04 | 0.01 £0.01 | 0.05 £ 0.05 | 0.22 £0.17 | 0.71 £0.06 | 0.48 £0.15 | 0.09 £0.01 | 0.01 +0.01 - 0.60 +0.07 0.001 0('33;11 0.01 £0.01 | 7.33 £2.99
M; (%) 694 +1.72 | 9.13 +2.26 | 0.44 +0.14 | 0.02£0.01 | 8.93+1.75 | 0.25+0.22 | 9.17 £0.90 | 5.79 £2.56 | 1.01 £ 0.07 - - 0.07 £0.01 | 0.04£0.01 | 0.02+0.01 | 0.09+0.01 | 1.12 £0.65

NG150

NG150-il1 2.15 1.85 1.69 <LD <LD 0.28 13.19 5.14 0.45 0.03 <LD 4.26 <LD 0.01 0.05 22.98

NG150-i2 0.41 1.38 0.27 <LD <LD 0.05 1.30 1.50 0.23 0.03 <LD 3.01 <LD <LD 0.01 16.87

NG150-i3 5.37 2.44 0.27 <LD <LD 0.03 6.60 0.50 0.42 0.11 <LD 2.30 <LD <LD 0.01 16.41

NG150-i6 0.38 1.74 <LD <LD <LD <LD <LD <LD 0.04 0.04 <LD <LD <LD <LD 0.02 4.94
Ci(ppb) | 8.11£2.82 |7.42+0.28 | 2.24£0.76 - - 034£0.11 | 21.1+£99 | 7.14+£2.48 | 1.00 £0.63 | 0.20 £0.12 - 9.56 £1.37 - 0.01 £0.01 | 0.10£0.01 | 61.2+7.2
R. (mg/m?) | 0.60 +0.18 | 0.56 +0.05 | 0.17 +0.07 - - 0.03£0.01 | 1.56 £0.66 | 0.53 £0.16 | 0.08 £ 0.05 | 0.02 +0.01 - 0.73 £0.15 - 0.01 £0.01 | 0.01 £0.01 | 4.68 £0.82
i (%) 47.2 £12.7 - 0.15 £0.07 - - 0.10 £0.04 | 26.6 +17.8 | 552 £2.71 | 1.59 £0.42 | 3.37 £ 1.65 - 0.08 +0.01 - 0.01 £0.01 | 0.03£0.01 | 269438

LD: Detection limit
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The highest concentrations of the substances are found in the three first steps (il,i2 and
13) in most specimens, corresponding with the high conductivity mention before.
Elements such as Cd, Co, Se and Th are below the Detection Limit (DL) in all eluates
(DLca = 0.1 ppb; DLco = 0.01 ppb, DLse = 0.1 ppb and DLt = 0.01 ppb), while the
majority of elements (B, Ba, Cu, Cr, Pb, Sb, U and V) are in similar concentration as in
the sulfuric acid residue (B150) (Cg ~ 8 ppb, Cga ~ 3 ppb, Ccu ~ 16 ppb, Cpp ~ 1.5 ppb,
Csb ~ 0.2 ppb, Cu ~ 0.1 ppb and Cz, ~140 ppb). Furthermore, it stands out the C; of As
in S150, T150 and NG150, being approximately eight and four times higher than the
concentration found in B150 sample (Cas~ 2 ppb). Other elements, such as Ni and Sr are
also higher that the eluate of the comparison material (Cni~ 3 ppb and Cs; < 0.1 ppb). The
evolution concentration (ug/L) of the most relevant metals released during DSLT can also

be also consulted in Figure 12.
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Figure 12. Evolution of concentration (ug/L) of the most relevant metals released
during Dynamic Surface Leaching Test (DSLT) for HoSO4/bitumen blend prepared at
150 °C (B150), natural gypsum binder residue (NG150) and phosphogypsum binder
residues prepared at 150 °C.

In general, the R, of the metals are below 1 mg m™. Slightly higher values were found for
As in S150 (Ras ~ 1.2 mg m™) and Cu, which reaches about 1.5 mg m? in S150 and
NG150 (Rcy ~ 1.3 mg m?). Moreover, Zn is the metal that presents the greatest released

area, about 14, 11 and 7 mg m?in S150, B150 and T150, respectively.

The n; determined for these elements can vary depending on the specimen. The element
that shows most significant transferences into the liquid, in descending order, are: NG150:
As>7Zn>Cu>Ni>Sb>Pb;S150: Zn > Cu> As>Ni> Sb> Pb; SA150: Zn > Cu >
Ni>Pb> As ; T150: Cu>B > Co > As > Ni > Zn > Pb.

The activity concentrations of natural radionuclides in all eluates fractions of the studied

specimens were below the DL (1 mBq L™).
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In view of assessment of the release of the leaching of these materials into the
environment, the eluate composition was compared with the regional regulation for
Discharges to the Domain Public Hydraulic and Public Maritime-Terrestrial Domain of
Andalusia (D 109/2015). According to the limit value of emission, the metals
concentration of the eluate of phosphogypsum binder residues here proposed does not
exceed in any case the established parameters (As =1 mgL!; Cu=0.75mgL"', Ni=0.6
mg L', Pb=0.22 mg L' and Zn = 1.5 mg L"!, among others.

4. CONCLUDING REMARKS

The feasibility of use phosphogypsum (FY) waste in the production of foamed bitumen
for paving applications was evaluated. To that end, three FYs coming from different
fertilizer industries and a natural gypsum were used as foaming agents, including a small
quantity of sulfuric acid (0.5 wt.%) in the foamed bitumen formulation. The main
conclusions were:

e Results from foaming tests revealed that foaming properties (ERmax, tmax and
foaming rate) clearly depend on two parameters: a) the structural water content of
each FY, and b) the foaming temperature. Thus, the optimal foaming temperature
was 150 °C, which would result in a temperature reduction of 20-30 °C compared
to the foamed bitumen by direct addition of water.

e FY foamed binders here proposed present higher stability than those prepared by
the standard bitumen foaming (i.e, by water addition to hot bitumen), which
allows operators to have more time to conduct the lay-down and compaction
operations.

e Viscous flow curves (at 60 °C) conducted on FY binder residues indicated an

improvement in the rheological response compared to the bituminous sample
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prepared only with 0.5 wt.% sulfuric acid, whose extent depends on the amount
of phosphorus available for reactions with bitumen’s compounds.

e FY binder residues satisfy the radioactive specifications when NORM materials
are used in building materials, displaying values of activity concentration index
(I) much lower than 1 mSv a™..

e Metals concentration of the eluate for FY binder residues does not exceed in any
case the limit value of emission laid down in the regional regulation of Andalusia

(D109/2005).

Therefore, the production of phosphogypsum foamed bitumen for asphalt paving
applications with enhanced engineering properties and with environmental
guarantees, apart from being a sustainable paving practice, may offer an efficient way

of immobilizing this radioactive waste.
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