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The objective of this study was to investigate the effect of the addition of residue from the production of TiOs,
namely, unreacted ore waste (UOW), on the properties of coating mortars as well as evaluate its radiological
impact. The properties of the mixed cement lime mortars were evaluated after the addition of 5%, 10%, and 15%
of UOW, in relation to the cement mass, with respect to the reference mortar. The coating mortars were eval-
uated for rheology, dynamic elastic modulus, and mechanical strength. Tests in the applied state were performed
using panels. From the point of view of radiological protection, the concentration of natural radionuclides in the
residue, components of the mortar, and ready mortar were determined. In addition, the concentration of radon in
the air and the exposure of dwellers living in a standard room coated with mortar were evaluated. The results
obtained indicated that UOW did not compromise the use of coating mortars, presenting no significant effect on
the properties of fresh, hardened, and applied states. Although the UOW presented high concentration of ra-
dionuclides, mortars with 5%, 10%, and 15% of UOW led to a gamma exposition and indoor radon concentration
(average values of 0.20 mSv.a™! and 71 Bq.m 3, respectively) below the recommended limits (1 mSv.a™ and 100
Bq.m ™). Thus, it is concluded that UOW can be incorporated into coating mortars without presenting risks to the
health of users due to radiation exposure.

1. Introduction

The high amount of waste generated by human activity has inten-
sified with the systematization of production processes since the In-
dustrial Revolutions and is considered a significant contemporary
problem. Multidisciplinary efforts are required to determine technically
and economically viable alternatives for the reuse of these wastes. With
growth in production, industries have been emitting an increasing
number of gaseous and solid polluting agents, which has become a grave
environmental problem owing to the inadequate disposal of these pol-
lutants. Therefore, studies that aim at the viable use of these residues are
significant.

According to data from the Brazilian Association of Waste Treatment
[1], Brazil generated approximately 33 million tons of industrial waste
in 2016, of which 25 million tons were not treated adequately,
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generating a cost of approximately US$ 172 million per year to the
federal government.

The construction industry has the potential to absorb a large portion
of solid industrial waste, as it can be used in building materials and el-
ements [2-6]. Cement matrices are highly alkaline and can generally be
used in waste packaging because they are inexpensive and accessible.
Their high alkalinity inhibits microbiological processes and can incor-
porate liquid and pasty residues, as they require water for hydration. In
addition, they reduce the solubility of several toxic and dangerous
organic residues [7].

Several studies have addressed the feasibility of adding various res-
idues in the production of mortars [8-11]. These residues contribute
significantly to the workability, deformation, resistance, and perme-
ability of mortars in addition to contributing to the principles related to
environmental sustainability in recycling waste, reducing the emission
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of pollutants, and decreasing the consumption of raw materials [8].

However, few studies have been conducted on using residues from
the production of TiO,, involving the evaluation of photocatalytic per-
formance [12,13], the effect on cement hydration [14-16], and the
studies conducted by Potgieter et al. [17], Andrade Neto et al. [18], and
Mariani et al. [19], who used TiO; residue as a fluxing material for the
production of Portland clinker.

The unreacted ore waste (UOW) used in this study is the industrial
waste generated in the production of titanium dioxide through the sul-
fate route at the Tronox Pigmentos do Brasil SA unit in Camacari/BA,
which produces approximately 60,000 tons of TiO3 annually, generating
approximately 30,000 tons of waste.

Titanium dioxide produced using ilmenite as the raw material is
classified as a naturally occurring radioactive material (NORM) owing to
the presence of natural radionuclides in the ilmenite [16]. During the
industrial process, radionuclides are distributed among the products, by-
products, and residue, eventually reaching levels that require control by
the National Regulatory Agency, Comissao Nacional de Energia Nuclear
(CNEN), in Brazil. The residue formed in the production of titanium
dioxide, known as UOW, is disposed of in industrial landfills. The
deposition of any residue can cause grave environmental hazards;
therefore, such practices should comply with the recommendations of
the National Environmental Agency. The construction and maintenance
of waste deposits is expensive, requires space and continuous moni-
toring, and presents the risk of environmental contamination. However,
the reuse of NORM residues should be considered, provided that this
practice does not imply any additional exposure for humans.

Ilmenite has average levels of certain radioactive isotopes such as
uranium, thorium, lead, and radium. Among these, uranium and
thorium are soluble in sulfuric acid and are used in the sulfation stage.
Therefore, it is expected that most of these isotopes are left in the liquor
(solution used in the production of TiO5), implying a low concentration
in the UOW. However, radium and lead isotopes have low solubility in
sulfuric acid; therefore, it is expected that a large percentage (75% to
95% for radium) will remain in the residue [20].

Albuquerque et al. [21] evaluated the effects of the addition of UOW,
from the production of TiO, through the sulfate route, on the properties
of coating mortars in the hardened and applied states. The authors
observed that the addition of up to 15% of the residue did not signifi-
cantly impact the physical and mechanical properties of the mortars,
thereby facilitating the reduction of cement consumption by reusing
UOW. Llanes et al. [16] evaluated the use of a resemblant waste and
concluded that the residue plays a beneficial role since it reduces the
heat of hydration, the final setting time, the expansion, and the linear
retraction compared to standard ordinary Portland cement.

Although the use of UOW in mortars is promising, studies on the
impact of the residue on the other properties of the mortar, associated
with its workability (rheology) and the evaluation of the internal and
external exposure of individuals living in a standard room covered with
such mortar, are necessary to enable its use.

Gazquez et al. [22] studied a residue formed during the production of
titanium dioxide through the sulfate route with characteristics similar to
those of the UOW used in the present work and obtained a 22®Ra con-
centration of 2.6 Bq/g, which is, according to the authors, 100 times
higher than the concentration determined in typical soils. The authors
also obtained 22°Ra concentrations of 0.82 Bg/g and lower concentra-
tions of uranium isotopes (0.210 Bq/g for 228U and 0.240 Bq/g for 23*U)
and thorium isotopes (0.350 Bq/g for 232Th, 0.045 Bq/g for 23°Th, and
0.680 Bq/g for 225Th).

Llanes et al. [16] carried out a radiological characterization of
cementitious matrix containing different contents (up to 10%) of
ilmenite mud (a waste from TiOy production, similar to UOW). The
authors found that the cementitious matrix immobilized the radionu-
clides present in the waste, and the radionuclides contents present in the
liquid fractions extracted from the cementitious matrix (containing the
ilmenite mud) were negligible [16]. However, it is stressed that UOW
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presents some differences when compared to the ilmenite mud used by
Llanes et al. [16], as the ilmenite mud is not neutralized by hydrated
lime. Besides that, there are variations in the ilmenite and in the con-
centration of sulphuric acid used in the process. Furthermore, Llanes
et al. [16] did not evaluate the concentration of radon in the air and
exposure to individuals living in a room covered with the mortar con-
taining UOW.

The radioactivity of the residue can become an obstacle for certain
applications of products containing UOW, such as coating mortars, in
direct contact with users. Thus, this paper describes a scientific contri-
bution to characterize and test the effect of adding a little-known and
little-studied residue in coating mortars through the analyses of the fresh
(rheology), hardened (flexural and compressive strengths, dynamic
elastic modulus, apparent porosity, and density), and “applied” (tensile
bond strength/pull-off and absorption by the Karsten pipe) states.

Furthermore, to evaluate the possibility of using this residue in the
production of mortar, from the point of view of radiological protection,
the concentrations of natural radionuclides in the residue, components
of the mortar, and mortar with proportions of UOW of 5%, 10%, and
15% were determined. In addition, the concentration of radon in the air
and exposure to individuals living in a standard room covered with
mortar were evaluated.

2. Materials and methods
2.1. Materials

The UOW used in this study was generated and supplied by Tronox
Pigmentos do Brasil SA and collected according to the waste sampling
methodology specified in NBR 10007 [23]. UOW is generated during the
processing of a mixture of ilmenite (FeO.TiO3) and titanium slag to
produce the TiO2 pigment. In this process, this mixture goes through two
stages until the generation of UOW: i) in the sulfation stage, ilmenite and
titanium slag are attacked by sulfuric acid, and ii) in the neutralization
stage, the mixture is filtered and the unreacted part (solid material) is
neutralized with calcium hydroxide [Ca(OH).], producing the UOW.
The TiOy production process and the generation of the unreacted ore are
depicted in Fig. 1.

After collecting the UOW batches, a beneficiation process was car-
ried out, consisting of drying in an oven at a temperature of 105 + 5 °C
for 24 h, grinding in a QUIMIS horizontal rotary mill, model Q298,
containing ceramic balls for 30 min, followed by sieving through a mesh
with a #75 um opening.

For the production of mortars, white Portland cement, produced by
CEMEX TOLTECA, sand from a deposit and commercially available in
the metropolitan region of Salvador, hydrated lime (CH-II), and potable
water were used.

2.2. Methods

2.2.1. Mortar dosage and cast

The coating mortars were produced using a 1:1:5:1.3 ratio for the
ingredients (white Portland cement:hydrated lime:sand:water) in bulk
using the Selmo Dosing Method [24], with the addition of 5%, 10%, and
15% of UOW with respect to the cement mass. Table 1 lists the material
consumed per cubic meter of the mortar produced. It was observed that
the addition of the residue reduced the amounts of cement, lime, sand,
and water used.

Subsequently, the mortars were mixed in a bench-top mortar mixer,
planetary type, according to the procedure recommended by NBR 13276
[25].

2.2.2. Characterization of raw materials

Initially, tests were carried out to characterize the physical and
chemical properties of the raw materials. The physical characterization
of White Portland cement, hydrated lime, and UOW were performed
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Fig. 1. TiO, production process and generation of unreacted ore (UOW) at Tronox Pigmentos.

Table 1

Consumption of raw materials for the production of one cubic meter of mortar.
Mixture Cement Lime Sand Water uow

(kg) (kg) (kg) (kg) (kg)

REF 255.28 255.28 1276.42 331.87 0.00
5% UOW 254.22 254.22 1271.12 330.49 12.71
10% UOW 253.17 253.17 1265.86 329.12 25.32
15% UOW 252.13 252.13 1260.65 327.77 37.82

using a helium gas pycnometer (Micromeritics AccuPyc II 1340) for
specific gravity, a semi-automatic air permeability instrument (ACMEL,
model BSA1) for the Blaine surface area, and a laser granulometer
(CILAS 1180) for particle size distribution.

The fine aggregate (sand) was characterized in terms of particle size
distribution, fineness modulus, and maximum diameter by mechanical
sieving according to the method described in NBR NM 248 [26]. The
specific gravity of the sand was determined according to the method
described in NBR NM 52 [27].

The chemical composition of UOW, in the form of oxides, was
determined through X-ray fluorescence (XRF) using Bruker’s S2 Ranger
equipment. X-ray diffraction (XRD) was used to identify its mineralog-
ical composition. For this, a D2 Phaser Bruker diffractometer was used
with a copper target tube (Ka radiation with a wavelength of 1.54060 A)
at 30 kV and 10 mA, without a filter system, and with a secondary
monochromator. The diffraction spectra were obtained in the range of
26 from 5° to 80° using continuous scanning at 0.004°/s for all the an-
alyses. The phases present in the samples were subsequently identified
using the computer program DIFFRAC plus-EVA, with a database
centered on the COD system (Crystallography Open Database), and

quantified using the Rietveld method, employing the computer program
TOPAS and the Crystallographic Information File (CIF). All the tests
performed to characterize the raw materials were performed in triplicate
measurement.

2.2.3. Characterization of fresh state

The mortar spread on a table (flow table) was determined according
to the procedures described in NBR 13276 [25]. To achieve this, a
Contenco automatic consistency table (model I-3019-B) was used. As the
flow-table test is a single-point test, insufficient for describing the
complex rheological behavior of mortars [28,29], the squeeze-flow test
was also carried out, according to the method described in NBR 15839
[30].

The squeeze-flow test was carried out on the mortars after 15 min of
mixing them with a displacement speed of 0.1 mm/s, in a universal
INSTRON testing machine, with displacement control and a 2 kN load
cell. The tests were repeated three times for each mixture, and the
average results are presented in this paper.

2.2.4. Characterization of hardened state

For the characterization of the mortar in the hardened state, three
prismatic specimens (4 cm x 4 cm x 16 cm) were molded for each
mixture using three specimens of each age to determine the flexural
strength. After fracture, these specimens gave rise to six specimens,
which were used to determine the compressive strength. The specimens
were demolded after 24 h and, thereafter, immersed in water saturated
with lime. The immersed cure was maintained until the test was
completed.

The tests were carried out to determine the flexural and compressive
strengths of the mortars at 3, 7, and 28 days, following the procedure
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described in NBR 13279 [31]. For this purpose, a Contenco servo-
controlled machine (model HD-120 T) with a load capacity of 120
ton-force was used. To determine the flexural strength, the specimens
were placed in the load device for flexural tests at three points (with a
distance of 120 mm between the supports) and loaded until rupture at a
rate of 50 N/s. The two halves obtained in the flexural rupture of each
specimen were then positioned in the loading device for compressive
tests with the aid of square steel plates (40 mm edge) and loaded until
rupture at a rate of 500 N/s.

To determine the apparent porosity and density of the mortar sam-
ples, three specimens were used for each mix and tested at 28 days ac-
cording to the method described in NBR 9778 [32]. The dynamic elastic
modulus at 28 days was determined using PROCEQ’s ultrasonic wave
emitting equipment, model Pundit LAB+, according to the procedure
described in NBR 15630 [33] using three samples of each mixture.

2.2.5. Characterization of applied state
Finally, to assess the impact of the addition of the UOW on the
applied state, masonry panels of dimensions 60 cm x 60 cm were
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constructed. This masonry was applied with a 1:3 (cement:sand) layer of
roughcast and cured for 3 days with water spray. Thereafter, the pro-
duced coating mortars (reference and those containing different UOW
contents) were applied at an average thickness of 30 mm and cured with
water spray for 7 days. The construction of the panels and the execution
of the coating were carried out by a civil construction professional to
better simulate the application conditions.

To determine the tensile bond strengths, at 28 days, the procedure
described in NBR 13528 [34] was used, and the test was performed on
12 specimens of each mixture. To assess the water absorption/perme-
ability of mortars under low pressure, at 72 days, the Karsten pipe was
used in a method known as the “pipe method,” proposed by the Center
Scientifique et Technique de la Construction (CSTC) of Belgium [35], the
test being performed in triplicate.

2.2.6. Radiological characterization of mortar components and applied
mortar

For the radiological evaluation of the UOW residue in the production
of mortar, the initial concentration of natural radionuclides was

window

3.95m

Ceiling Height =3.30 m

window

4,50 m

(A)

B)

Fig. 2. (A) Dosimeter distribution in the test room. CR-39 and TLD dosimeters installed: (B) before and (C) after applying the mortar containing UOW.

©
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determined in the samples of UOW, lime, sand, cement, and in the
prepared mortar with various proportions of the UOW residue. The
concentrations of Ra-226, Ra-228, Pb-210, and K-40 were measured
through gamma-ray spectrometry using a hyperpure germanium de-
tector (HPGe Canberra, GX4020) with a relative efficiency of 47.2% and
a resolution of 1.76 keV at the 1332.40-keV photopeak of ®°Co, with the
associated electronics coupled to a microcomputer.

To determine the concentrations of U-238 and Th-232, the neutron
activation analysis technique was used, which consists of irradiating
samples and certified reference standards, in a neutron flow of 10'?n.cm’
2571, in the nuclear reactor IEA-R1 of the Nuclear Energy Research
Institute (IPEN) and measuring the gamma activity induced in a hy-
perpure germanium detector.

To evaluate the dose by external and internal exposure for in-
dividuals of the public owing to the applied mortar, a standard room
covered with mortar consisting of 15% UOW was used (Fig. 2). In this
room, the radon concentration in the air was obtained by employing the
passive detection method using solid-state nuclear track detectors (CR-
39) in diffusion chambers, and the gamma external exposure was
determined using a thermoluminescent dosimeter (TLD).

Four (04) CR-39 detectors and TLD dosimeters were installed: one
near the entrance door, the second in the center of the room, the third in
the direction diagonally opposite to the first two, and finally the last one
was placed outside the room, as illustrated in Fig. 2A. The detectors were
installed before applying the mortar to determine the background ra-
diation levels of the site (Fig. 2B) at a height compatible with the res-
piratory tract of a standing adult. The CR-39 and TLD detectors were
exposed for 3 months and removed thereafter for data acquisition. After
this period, the mortar was applied to the entire sidewall of the room,
and the sensors were replaced in the same position as indicated in
Fig. 2A, remaining in the testing position for 3 months (Fig. 2C) and later
being removed for data acquisition.

Because the distribution of natural radionuclides in building mate-
rials is not uniform, a common radiological index, referred to as the
radium equivalent activity (Raeg), is introduced to represent the specific
radioactivity levels of 226Ra, 232Th, and “°K. This index considers the
associated radiation hazards. The radium equivalent activity was
calculated based on the estimation that 1 Bqekg ™! of ?2°Ra, 0.7 Bqekg™*
of 22Th, and 13 Bqkg ! of *°K produced the same dose rate owing to
the external gamma irradiation. The radium equivalent activity Craeq
(in Bq.kg’l) was determined using Equation (1):

Craeq = Cra + 1.43Cr, +0.077C o)

where Cra, C1h, and Cx denote the activity concentrations (in Bq.kgfl) of
226Ra, 232Th, and 401(, respectively.

The use of building materials with Cra,eq €xceeding 370 Bq-kglis
not recommended to avoid additional risks from external exposure. The
activity concentration index (I) was calculated as recommended by the
European Commission (EC, 1999) [36] according to Equation (2):

_ Cra  Cm Cy
=300 7200 3000

@

According to the recommendation, the activity concentration index I
should be less than 1 to ensure that the dose received by individuals
exposed to gamma radiation present in construction materials does not
exceed the value of 1 mSv/a.

2.2.7. Statistical analysis of results

The results obtained for the fresh state and all the results of char-
acterization in the hardened and applied states were statistically
analyzed using a single-factor ANOVA test, with the level of significance,
a = 0.05.

Construction and Building Materials 306 (2021) 124885

3. Results and discussion
3.1. Characterization of materials

Table 2 and Fig. 3 indicate the results of the physical characterization
and the particle size distribution curves, respectively, of the raw mate-
rials used. The results obtained indicate the high fineness of the UOW,
which presented an intermediate particle size distribution curve for
cement and lime.

Based on the results of the chemical characterization of the UOW
(Table 3), the high content of titanium dioxide was attributed to the raw
materials (ilmenite and titanium slag) used in the production process.
The presence of calcium oxide (CaO) and sulfur trioxide (SO3) can be
attributed to stages in the UOW generation process (neutralization and
sulfation, respectively). Iron oxide (Fe;O3) is produced by the oxidation
of iron present in ilmenite. Silica (SiO3) is probably associated with
contamination (sand) at the time of collection and/or storage of waste.
The other compounds are associated with impurities contained in the
UOW.

Figure 4 presents the X-ray diffractogram of the UOW, identifying the
crystalline phases. Peaks were observed in the crystalline phases of ti-
tanium dioxide in the anatase (TiO,) and rutile (TiO3) forms, arising
from the nondissolution of the raw material (ilmenite and titanium slag)
in sulfuric acid. Anhydrite (CaSOy) is probably the result of reactions
between sulfuric acid, used in the sulfation stage, and calcium hydrox-
ide, which is added to the residue to neutralize its pH and, thus, facilitate
its disposal. Ilmenite (Fe;TiOs) originates from the ilmenite ore, and
Armalcolite (MgTizOs) may be associated with titanium slag. Calcite
(CaCO3) is probably the result of the carbonation reaction between
calcium hydroxide [Ca(OH)2] and atmospheric carbon dioxide (CO3)
and quartz (SiOy), zircon (ZrSiO4), and hematite (Fe3O3) owing to im-
purities and/or contamination in the raw materials.

3.2. Characterization of fresh mortar

Figure 5 presents the results of the mortar spread on the table, ob-
tained through the consistency table (flow table). A reduction was noted
in the spread with the incorporation of the UOW. The reference mortar
indicated a spread diameter of 248 mm, whereas mortars with 5%, 10%,
and 15% of UOW had diameters of 244, 240, and 232 mm, respectively.
The reduction in the spread diameter as a function of the UOW content,
although low (approximately 6%), was statistically significant, as can be
seen in Table 4.

The flow table is a single-point test: a method that measures the flow
of matter through a single shear rate and, therefore, is unable to fully
characterize the mortars, as the results do not distinguish among the
contributions of the primary rheological parameters such as viscosity
and shear rate [37]. Thus, squeeze-flow tests were performed to better
analyze the rheological performance of the mortars containing UOW.

Figure 6 depicts the curves obtained in the squeeze-flow test (load as
a function of displacement) for reference mortars and with levels of 5%,
10%, and 15% of UOW obtained 15 min after mixing. It should be noted
that stage I, referring to the regime of elastic deformation, is quite short

Table 2

Physical properties of white cement, lime, UOW, and sand used.
Properties White Lime uow Sand

cement
Specific gravity (g/cm®  3.05 + 0.01 2.40 + 3.06 + 2.67 +
0.01 0.01 0.02
Blaine surface area 3715 £ 39 5304 + 3681 + -
(em?/g) 205 481

Dso (um) 12 29 22 260
Maximum diameter - - - 1.18

(mm)
Fineness modulus - - - 1.32
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Fig. 3. Particle size distribution curves of the raw materials.
Table 3
Chemical composition, in oxides, of UOW, determined by X-ray fluorescence spectrometry.
Oxides TiOy Si0y CaO SO3 Fe,03 NayO Al,03 MgO ZrO, LOI*
Content (%) 43.40 14.70 13.20 10.00 7.61 3.04 2.56 1.49 1.47 2,53

* Loss on ignition at 1000 °C.

180000 T T T T T T I T I T I T I T
160000 4 R —Rutile (TiO,) Q- Quartz (Si0,) I — Ilmenite (Fe,TiOs) -
A —Anatase (TiO,) C - Calcite (CaCO;) N — Anhydrite (CaSO,) :
= 140000 4 Z — Zircon (ZrSiO,;) H — Hematite (Fe,0;) M — Armalcolite (MgTi,Os) -
w - B
E 120000 4
8 -
~ 100000
iy l
2 80000
& ]
= 60000 -
40000
20000 -
T T T T T T T T T T T ' T '
10 20 30 40 50 60 70 80
2 Theta (Degree)

Fig. 4. X-ray diffractogram of the UOW, with identification of crystalline phases.

and imperceptible within the scale of the graph. Stage II, referring to
large deformations with low increase in load, and stage III, referring to
small deformations with a large increase in load, are more noticeable.
As illustrated in Fig. 6, a reduction in the displacement was obtained
at the end of the test, with increase in the amount of added UOW,
indicating that the addition of the residue is responsible for a reduction
in the plasticity of the mortars. The addition of the residue leads to the

reduction of the plastic deformation stage and viscous flow (stage II),
thereby requiring higher loads for the same displacement, which makes
it difficult to apply the mortar to the building site [29].

The flow-table and squeeze-flow tests indicated the loss of plasticity
of the mortars with an increase in the amount of UOW added. The
observed performance is attributed, in part, to the higher content of
solid particles in the mixtures as well as to the fact that the UOW
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Fig. 5. Spread value on flow table test as a function of UOW addition content.

Table 4

ANOVA statistical analysis of the results testing the influence of the addition of UOW on the physical-mechanical properties of mortars.
Properties Sum of squares Degrees of freedom Mean square F value P value Fc Significant effect

critical

Spread on table 397.34 3 132.44 83.65 0.0000 4.07 Yes
Density 0.00 3 0.00 2.41 0.1425 4.07 Not
Porosity 0.27 3 0.09 1.56 0.2739 4.07 Not
Dynamic elastic modulus 77140.80 3 25713.60 0.85 0.5082 4.07 Not
Flexural strength — 3 days 2.66 3 0.89 3.59 0.0658 4.07 Not
Flexural strength — 7 days 8.57 3 2.85 38.37 0.0000 4.07 Yes
Flexural strength — 28 days 1.60 3 0.53 0.79 0.5333 4.07 Not
Compressive strength — 3 days 3.40 3 1.13 1.26 0.3505 4.07 Not
Compressive strength — 7 days 4.37 3 1.46 2.62 0.1874 4.07 Not
Compressive strength — 28 days 5.71 3 1.90 1.55 0.2756 4.07 Not

Note: If P < 5%, and Fc < F value, the result is significant, considering the 95% confidence interval.
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Fig. 6. Load curves as a function of displacement obtained by squeeze-flow for reference mortars (REF) and with levels of 5%, 10%, and 15% of UOW.
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particles act as a barrier to the flow of fluid around them, disturbing the
flow lines, which no longer appear parallel and start to form curves,
thereby increasing the viscosity of the mixture [38].

In addition, owing to the high fineness of the residue, as evidenced
by the results of the specific Blaine surface area (Table 2) and gran-
ulometry (Fig. 3), a portion of the water is adsorbed by the UOW par-
ticles, thereby reducing the amount of water available for the mortar
[39-41]. Finally, fine particles have a natural tendency to agglomerate
in an aqueous medium because of the capillary and van der Waals forces
[42,43]. These agglomerates increase the viscosity and yield stress of the
mortar, thereby reducing the plasticity of the mixture [43,44].

3.3. Characterization of hardened state

The results of apparent porosity and density of the mortars con-
taining different contents of UOW at 28 days of age are presented in
Fig. 7A and B, respectively, and the statistical analysis of these results
using the ANOVA method is presented in Table 4. There was no statis-
tically significant variation in the apparent porosity and density values
caused by the addition of UOW.

The addition of UOW containing particles of varying sizes and with a
Blaine surface area close to that of cement could promote an increase in
the mortar compactness owing to better packing of the particles, leading
to a reduction in the porosity. In contrast, the loss of plasticity caused by
the addition of the residue, observed in the flow-table and squeeze-flow
tests, generated difficulties in the molding and densification, which may
cause an increase in the porosity. Further, the reduction in cement
consumption also favors a reduction in the density and increase in the
porosity of the matrix. Thus, with the joint occurrence of these effects,
there was no significant difference in the apparent porosity and density
of the mortars.

The values of the dynamic modulus obtained for the studied mortars
are indicated in Fig. 8, and the results of statistical analysis using the
ANOVA method are presented in Table 4.

40 -
35 1

30 1 2734 27.16 27.06 27.01

25
20 A

Apparent porosity (%)

0 T T T |
REF (0) 5 10 15
UOW content (%)
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2.5 1

1.77 1.78

15 A1

1.0 1

Density (g/cm?)
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Fig. 7. (A) Apparent porosity and (B) density of mortar samples as a function of
UOW content, at 28 days of age.
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When calculating the dynamic elastic modulus, the ultrasonic
propagation speed in the mortar samples was considered. The time
required for the pulse to pass through the sample depends on the pores
and/or microcracks, which deviate the pulse and decrease its speed
[45]. Thus, a higher ultrasonic propagation speed will result in a higher
dynamic modulus value, thereby indicating a smaller number of voids
and microcracks and, consequently, higher resistance [46]. As presented
in Table 4, no significant differences were observed in the elastic
modulus as a function of the added UOW content, corroborating the
apparent porosity and density results presented in Fig. 7.

Figures 9 and 10 present the results obtained in the tests of flexural
strength and compressive strength, respectively, of mortars with various
levels of UOW, depending on the ages of the tested specimens. Based on
the statistical analysis using the ANOVA method with a = 0.05 (Table 4),
it was observed that, in general, the addition of the residue in the mix-
tures did not promote significant changes in the flexural and compres-
sive strengths, which is in accordance with the results of density,
porosity, and dynamic elastic modulus.

As discussed in the results of the mortar porosity, this performance is
attributed to the overlap of the filler effect (favorable to the increase in
mechanical strength) as well as the loss of workability and reduction of
the cement content (disadvantageous to the mechanical strength) with
the addition of increasing amounts of UOW. Moreover, it is essential to
highlight the fact that the UOW does not harm the basic properties of the
coating mortar when added up to levels of 15% because, in addition to
reducing the consumption of other materials (cement, lime, and sand)
and providing an adequate destination to the UOW, the mortars pro-
duced with this residue demonstrated satisfactory photocatalytic ca-
pacity, as verified in other studies [13].

3.4. Characterization of applied state

In the third evaluation step, the performance of the coating mortars
when applied to the masonry panels was analyzed. The tensile bond
strengths of the reference and UOW-containing mortar samples are
depicted in Fig. 11, and the statistical analysis of these results using the
ANOVA method is presented in Table 5. It is observed that there was no
significant variation between the results, with all the mortars produced
indicating an adhesion resistance higher than the minimum specified by
NBR 13528 [34], that is 0.3 MPa, at 28 days. Thus, we observe that the
UOW does not affect the adhesion of the mortars, which is one of its most
significant characteristics.

Figure 12 presents the results of water absorption under low pressure
and the evolution of these results over 60 min, characterizing the
permeability of the coating mortar. The results indicate that all the
mortars (reference and containing different levels of UOW) illustrated
water absorption below 4 mL during the first 15 min, a result considered
positive for coating mortars [47], with statistically insignificant varia-
tions among the different levels of addition, according to the ANOVA
analysis presented in Table 5.

As discussed for the results of rheology, density, porosity, and me-
chanical strength, similar results determined in the low-pressure ab-
sorption test (for permeability) using the Karsten pipe are attributed to
the overlap of several effects when incorporating the residue. The filler
effect and better packing of particles with the addition of UOW, with
particles of different sizes, favors the reduction of mortar permeability.
However, the reduction in cement consumption and the loss of plas-
ticity, with the addition of the residue, generates an opposite effect,
favoring an increase in permeability. Thus, globally, no significant dif-
ferences in mortar permeability were observed with the addition of
UOW.

3.5. Radiological characterization and exposure assessment owing to use
of waste as mortar component

Table 6 lists the concentrations of natural radionuclides in UOW
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Fig. 9. Flexural strength of mortars with different levels of UOW, as a function of time.

samples, conventional materials used in the preparation of the mortar,
and mortar samples after mixing in various proportions of UOW (5%,
10%, and 15%). The values represent the average obtained from the
analysis of five different samples. The table also lists the values obtained
for Cra,eq and L.

The raw material, ilmenite, used at Tronox Pigmentos do Brasil SA
presents a concentration of radionuclides from the natural series of
radioactive decay of U and Th in secular equilibrium (84 + 6 Bq.kg ™" of
238y, 22 + 1 Bq.kg ! of 2°Ra, 37 + 4 Bq.kg ! of 2*Th, and 38 + 2 Bq.
kg~ ! of 22%Ra). During processing through the sulfate route, radionu-
clides are redistributed according to their chemical properties among
the products, by-products, and waste. As U and Th are soluble in sulfuric
acid, which used in the sulfation stage, most of these isotopes are
concentrated in the liquor, leaving a low concentration in the UOW.

In contrast, lead and radium isotopes can precipitate in the presence

of sulfuric acid because their sulfates are highly insoluble and, therefore,
tend to be concentrated in the residue. UOW is considered the most
critical by-product of the process, with high concentrations of all the
radionuclides; in particular, radium isotopes (1103 + 115 Bq.kg ™' of
225Ra and 2906 + 262 Bq.kg ™! of 2?Ra) and lead isotopes (960 =+ 166
Bq.kg™! of 219Pb). These values are higher than the concentrations
present in the ilmenite mud studied by Llanes et al. [16], who observed
concentrations of 520 + 30 Bq.kg ! of 2?°Ra and 2584 + 2 Bq.kg ™! of
228Ra. Therefore, any application of this residue must be accompanied
by a careful assessment of the radiation exposure.

The results obtained for Craeq of mortars containing 5%, 10%, and
15% of the residue did not exceed the recommended value, which is up
to 370 Bg.kg ™, indicating that its use does not imply additional risks
owing to external exposure. The results obtained for I were less than 1,
ensuring that the dose of external gamma exposure from the mortar did
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Fig. 11. Tensile bond strength of mortars, as a function of UOW content.

not exceed the value of 1 mSv.a’.

The Rn concentrations before and after the application of the coating
mortar are listed in Table 7. The average concentration of radon in the
standard room was 72 + 11 Bq.rn’3 before mortar coating, which is of
the same order of magnitude as the value determined after applying the
mortar, compatible with the concentration of radon in the air in indoor
environments and below the values recommended by the International
Commission on Radiological Protection (ICRP) and the World Health
Organization (WHO) of 300 and 100 Bq.m_3, respectively. The external
gamma exposure measured using a TLD was always less than 0.1 mSv.a”
1

As UOW is an industrial waste, currently it has no commercial value,
being currently paid for its disposal in landfills. Thus, industries that
wish to use it in matrices to take advantage of its characteristics, such as
the photocatalytic potential, have an advantage because its cost will
hardly be higher than that of common materials used in this type of
technology. It is only necessary to analyze issues of logistics and trans-
port distance. Therefore, the investigation of life cycle analyzes and life
cycle cost is strongly recommended, in order to verify the economic
viability of this promising raw material.

Table 5

4. Conclusions

The results obtained in this study indicate that unreacted ore waste
(UOW) can be incorporated into cementitious matrices, presenting
satisfactory results in accordance with the normative requirements
imposed on coating mortars regarding their properties in the fresh,
hardened, and applied states without presenting additional risks to users
because of exposure to radiation. From the results obtained in this study,
the following conclusions are drawn:

e The addition of UOW does not significantly impact the physical and
mechanical properties of the coating mortar.

e The addition of UOW promotes significant reductions in mortar
plasticity owing to the addition of fine particles. However, this effect
can be reduced and/or avoided by adjusting the water/dry materials
ratio and/or using superplasticizer admixtures.

e The addition of UOW does not significantly impact the tensile bond
strength or low-pressure absorption of the coating mortar.

o The addition of UOW does not harm any fundamental property of the

coating mortars and can be incorporated into the process, thereby

replacing traditional raw materials.

The addition of UOW to the coating mortars did not present any risk

to the health of the users owing to exposure to external and internal

gamma radiation and radon inhalation.

The addition of UOW in coating mortars allows the incorporation of
this residue in a safe and technically satisfactory manner, without
compromising on product quality, in addition to a reduction in the
consumption of natural raw materials and making UOW a by-product.
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ANOVA statistical analysis of results evaluating the influence of the addition of UOW on the properties of mortar on applied state.

Properties Sum of squares Degrees of freedom Mean square F value P value Fc Significant effect
critical

Tensile bond strength 0.00 3 0.00 0.82 0.5166 4.07 Not

Water absorption/permeability by the Karsten pipe 0.00 2 0.00 0.53 0.3257 4.07 Not

Note: If P less than 5%, and Fc < F value, the result is significant, considering the 95% confidence interval.
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Table 6

Average concentration of radionuclides in samples of UOW, lime, sand, cement
and mortar with different proportions of UOW (Bq.kg™!), Radium Equivalent
Activity (Cga,eq, Bq kg’l) and Activity Concentration Index (I) of mortars.

Sample  U- Ra- Pb- Th- Ra- K-40 Raeq I
238 226 210 232 228
UOW 538 1103 960 400 2906 119
+ +115 + + 82 + 262 + 50
103 166
lime 10 + 11+1 10 + 1.7 5.2+ 22 +
3 1 +02 04 4
sand 8.6 33+ 5.0 2.6 2.4 + 15 +
+ 3.2 0.7 + 1.1 +1.0 0.5 9
cement 39+ 50+3 54 £ 14 £ 12+2 215
9 14 3 + 28
5% 17 + 19+1 15+ 12 + 26 +2 11 + 37 0.13
UoOw 4 3 3 2
10% 21 + 26 +£2 19 + 15+ 45+ 3 15 £ 49 0.17
uow 2 5 7 6
15% 24 + 33+2 24+ 18 + 66 +5 16+ 60 0.20
Uow 4 4 5 6
Table 7

Concentration of radon (Rn) in the air before and after applying the mortar (Bq.
-3
m ).

Sampling location Rn

Before application

Rn
After application

Center of the room 74.4 £ 3.3 63.0 + 4.9
Behind the entrance door 845 + 3.8 105.3 + 8.2
Room background 58.6 + 2.6 443 + 3.4
Average 72+ 11 71 £ 25
External 56.1 + 2.5 135+ 1.1

Barbara P. Mazzilli: Investigation, Methodology, Writing - review &
editing.
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