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Abstract: The partial cement replacement by solid wastes of thermoelectric generation in mortar formulations can
contribute to environmental preservation and the development of more durable construction materials. This study aimed to
evaluate the influence of Portland cement partial replacement by coal fly ash and flue gas desulphurization by-product on
the cementitious mortars properties. The experimental methodology consisted of the residues characterization by X-ray
diffraction, Raman spectroscopy, scanning electron microscopy and particle size analysis. Cylindrical blocks of mortar
with a 50 x 100 mm dimensions and a 1: 3: 0.48 trace (cement: sand: water/cement) were prepared according with NBR
7215 standard. Cement was replaced, by mass, in the proportions of 6%, 16% and 26%. Comprehensive strengths (NBR
7215) were measured at 7, 14 and 28 days of wet cure. In addition, water absorption by capillarity test was performed
(NBR 9722). The results were compared with a reference sample, that is, without residues. It has been shown that,
mineralogically, the ashes contain mulita, quartz (mainly) and hematite and have 42.19 um average diameter. Particle
morphology is predominantly spherical containing some porosities. The by-product is a material rich in calcium sulfate and
quartz traces with 17.8 um average diameter and consists of agglomerated particles with varied morphology. The results
showed that the replacement of 6% Portland cement by ashes improves the performance of mortars in terms of axial
comprehensive strength and capillarity water absorption. For the mortars containing the by-product, the improvement in
mechanical properties was not evinced.
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1. Introduction

Concrete and mortar are the most widely used materials in construction due to their versatility and ease of handling.
Mortar can be conceptualized as a material obtained from the mixture, in appropriate proportions, of inert materials of low
granulometry and a paste with agglomerating properties. Mortar differs from concrete in the size of the aggregate that
makes it up [1].

Buildings can present structural problems over time. When analyzing the extensive structural reconstruction and/or

maintenance caused by premature failure during use, this information has been confirmed to be exacerbated by exposure to
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corrosive environments. The decrease in the durability of a structure creates an environmental problem due to the waste of
raw materials, the increase in waste generated and the greater consumption of energy and natural resources [2, 3].

In this context, over time, cementitious materials have been improved by the introduction of additives, in the form of
plasticizers, setting retarders, among others, as well as pozzolanic or cementing additions that make up the mixture by
replacing cement or adding to it. Thus, studying solutions that extend the useful life of structures and minimize the
environmental impact generated by their production chain is a challenge for researchers and the target of research related to
the construction sector [4, 5].

The addition of waste to cement mortar formulations has already been shown in the literature. The main advantages
are gains in strength, even when the amount of cement in the mix is reduced. In terms of microstructure, they contribute to
the development of a more defined matrix and a less porous structure, which makes it more resistant to attack by
aggressive agents, improving its durability combined with greater mechanical strength. Additions include construction and
demolition waste generated by the building industry [6], coconut fiber [7], rice husk ash [8], sugar cane bagasse ash [9] and
coal fly ash [10-12].

As for the influence of curing time, the literature shows that at 28 days, mortars containing coal ash additions
performed better in the axial compressive strength test. This means that there is no increase in reactions to help increase the
performance of mortars with curing times longer than 28 days [13-15].

In Brazil, burning coal to generate energy in Thermal Power Plants (TPPs) generates around 3.24 million tons/year of
solid waste, such as slag, coal ash (light and heavy) and the by-product of desulphurization of combustion gases, a process
known as Flue Gas Desulphurization (FGD). Only a small fraction of the by-products generated in TPPs, around 30%, are
reused, the rest being disposed of in an inappropriate manner. The development of technologies to reuse these by-products,
in addition to minimizing disposal in unsuitable areas, increases the credibility of this type of generation in the eyes of the
consumer market [16, 17].

The high volume of the waste in question and the potential pozzolanic activity of coal ash, proven by several
researchers [16-19], indicate its suitability for use in cementitious matrices.

For ALTHEMAN et al [17], the addition of coal fly ash to cementitious matrices is essential in order to meet the
requirements of the National Solid Waste Policy. The results found by the authors showed that the ash has pozzolanic
activity and, when added to the cement matrices studied, increased mechanical strength. The authors developed mortars
with 5%, 10% and 20% mass replacement of Portland cement with coal ash from aluminum production. PACHECO et al.
[18] state that substitution levels of between 40 and 50% by mass of Portland cement with coal fly ash show slower
chemical reactions of hydration, contributing little to the initial strengths, however, they indicate the material due to the
reduction in clinker consumption. DUARTE et al. [19] carried out a study aimed at evaluating the behavior of concrete, in
the hardened state, with partial substitution of Portland cement with coal ash from thermoelectric power plants at levels of
7%, 14% and 21%, in relation to the mass of cement, and a reference concrete. Tests were carried out on axial compression,
water absorption by capillarity and by immersion at the age of 28 days. It was concluded that the axial compressive
strength decreases as the amount of ash added to the mix increases. However, the values are above the minimum strength
of 20 MPa recommended by the NBR6118 standard. The addition of ash did not affect water absorption by immersion or
capillarity. SANTANA [20] evaluated the use of the FGD by-product as a mineral addition in concrete with a fck (feature
compression know) of 25 MPa with 0%, 5%, 10% and 20% in relation to the mass of cement. It was shown that the
mechanical strengths of the concrete mixes were either unaffected or increased as the content of the added residue

increased.




Based on the literature presented here, the objectives of this study were to characterize fly ash and the FGD by-
product from a TPP located in the city of Candiota-RS and to assess the influence of replacing Portland cement with this
waste on the properties of cement mortars.

2. Materials and Methods

2.1 Materials

A cement classified as CP IV-32 according to NBR 5736 [21] was used in all the formulations. This CP was chosen
because it is suitable for building structures buried in the ground. In addition, the Campanha region of Rio Grande do Sul,
the site of this study, is home to thermal power plants and, as such, the regional atmosphere has high concentrations of
sulphates.

The chemical and physical characterizations of the cement were provided by the manufacturer and are shown in
Tables 1 and 2.

Table 1. Chemical composition of CP IV-32 Portland cement

Tests Results References

Loss of fire - PF 3.34% NBR NM 18 (ABNT, 2004) [22]
Silicon dioxide - SiO: 28.94%
Aluminum oxide - Al,03 9.97%

Iron oxide - Fe;Os 3.72% NBR NM 11-2 (ABNT, 2004) [23]

Magnesium oxide - MgO 3.18%
Calcium oxide - CaO 45.12%

Insoluble residues - R.I. 25.25% NBR NM 15 (ABNT, 2004) [24]

Free calcium oxide 0.74% NBR NM 13 (ABNT, 2004) [25]

Table 2. Physical characterization of CP IV-32 Portland cement

Tests Results References
Specific mass 2.83 g/em? NBR NM 23 (ABNT, 2001) [26]
Specific area 4,340 cm?/g NBR NM 76 (ABNT, 1998) [27]
Blaine fineness 4.290 cm?/g NBR NM 11579 (ABNT, 1991) [28]
Normal consistency paste water 30.3% NBR NM 43 (ABNT, 2003) [29]
Start of setting 34h
NBR NM 65 (ABNT, 2003) [30]
End of setting 4.25h
Le chatelier expansion - hot 0.34 mm NBR NM 11582 (ABNT, 1991) [31]

Compressive strength 1 day -

Compressive strength 3 days >10.0 MPa

NBR 7215 (ABNT, 2019) [32]
Compressive strength 7 days >20.0 MPa
Compressive strength 28 days >32.0 MPa




The fine aggregate used was fine sand with a maximum particle size of 1 mm (NBR 7211 [33]). The mixing water
came from the local sewage system in the city of Bagé-RS. The CP was partially replaced by fly ash (CV) and the FGD by-
product (SP) provided by the Candiota Thermoelectric Complex. The waste was not prepared or handled in any way prior
to being added to the mortar.

2.2 Characterization of the materials

The mineral composition of the waste was determined by X-ray diffractometry (XRD) and Raman spectroscopy.
These techniques have a high resolution for identifying minerals even at low concentrations. Both techniques provide
information on the compounds, but the former also identifies the crystalline structures. The combination of techniques is
useful in cases where XRD does not provide satisfactory structural information, for example due to a high concentration of
glassy material [34].

The diffractometer used was a Rigaku ULTIMA IV, JP. It operated with Cu Ka radiation, generated at 40 kV and 20
mA. The scanning range was 3° to 80° and the integration time was 2 s per point. The Raman spectra were measured on a
confocal Raman spectrometer with a laser of (A = 532 nm), and a beam diameter of 1 pm in the range of 5 to 1900 cm-1.
The experimental spectra were compared with the RRUFF database (http://rruff.info/) [35] and the mineral phases were
identified using the X-pert High Score Plus software. The morphology of the particles was analyzed by scanning electron
microscopy (SEM) using a Jeol JSM - 6610LV microscope. The particle size analysis, NBR 7181 [36], assessed the
dispersion of sizes and the average diameter of the particles. The test was carried out on a CILAS model 1190 LD laser
granulometer, measured in liquid solution.

2.3 Formulations and preparation of the specimens

The specimens were prepared with mortar made up of one part cement, three parts standardized sand, by mass, and
with a water cement ratio of 0.48 (1:3:0.48), in accordance with NBR 7215 [32]. Test specimens were prepared with CP
substituted by CV or SP at 0, 6%, 16% and 26% by mass. Table 3 shows the formulations of the traces analyzed in the
research.

Table 3. Reference trait and with CV and SP

Agglomerate mass i
Draft Sand (g) Water (mL) | Water/Cement ratio Cemenzlfg(;r:j;l)mptlon
Cement (g) CV (g) SP (g)

0% 624 - - 1,872 300 0.48 3,120

6% 586.56 37.44 - 1,872 300 0.48 2,932.8

16% 524.16 99.84 - 1,872 300 0.48 2,620.8

26% 461.76 162.24 - 1,872 300 0.48 2,308.8

6% 586.56 - 37.44 1,872 300 0.48 2,932.8

16% 524.16 - 99.84 1,872 300 0.48 2,620.8

26% 461.76 - 162.24 1,872 300 0.48 2,308.8




Figure 1 shows the mortars in the molds before wet curing (1a) and the same demolded after 24 hours of curing (1b).

Figure 1. Specimens in (a) molds and (b) demolded after 24 hours.

2.4 Compressive strength

The test method was carried out in accordance with NBR7215 [32], which involves determining the compressive
strength of cylindrical specimens with a diameter of 50 mm and a height of 100 mm. EMIC model DL 20000 equipment
was used with a load application speed of 0.45 + 0.15 MPa/s and a maximum load of 100 kN. The samples were
compressed to failure at 7, 14 and 28 days of wet curing.

2.5 Determination of water absorption by capillarity

This test is useful for monitoring the increase in mortar mass due to water absorption by capillarity in accordance with
NBR 9779 [37]. Water absorption by capillarity was calculated using equation 1:

C=(4-B)/S (1)

Where: C is the absorption of water by capillarity in g/cm?; 4 is the mass of the specimen that remains with one of its
faces in contact with the water; B is the mass of the dry specimen and S is the cross-sectional area in cm?.

2.6 Statistical analysis

Analysis of variance (ANOVA) with a completely randomized design (DIC) was used to check for significant
influences of the substitutions on the compressive strength response variable.

3. Results and Discussion

The diffractogram of VC, shown in Figure 3a, highlights an amorphous halo between 15° and 35°, which could
indicate the pozzolanic activity of this residue, as indicated by HOPPE et al. [38] and YAN et al. [39].

In the mineralogical composition of the VC, phases of quartz (SiO), mullite (Al203-SiO2) and traces of hematite
(Fe203) were identified, as shown in the diffractograms, Figure 3a, and the Raman spectrum, Figure 3b. According to the
intensity of the peaks, quartz is most frequent, followed by mullite and hematite. This mineralogy was also found by
KROL et al. [40] and AZEVEDO et al. [41]. Despite being from different locations, similarities were observed between the
diffractograms, especially in the amorphous halo and the quartz peak between 26° and 27° [38-41]. The formation of
mullite, identified only by XRD, is related to the combustion of coal at temperatures above 1050°C. Mullite is the phase

that contributes to the material's mechanical strength [42].
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Figure 2. Diffractogram (a) and Raman spectrum (b) of VC.

When analyzing the SP diffractogram, a low degree of amorphism can be seen, due to the absence of an amorphous

halo, and therefore the material has no pozzolanic activity. The material has a well-ordered structure, with well-defined

peaks of intensity. In terms of mineral composition, the most significant phase is calcium sulphate (CaS04.2H>0), in the

form of gypsum and quartz, as shown in Figures 3a-b. Therefore, the residue cannot be considered pure. The quartz

identified is due to the remaining VC that mixes with the SP during desulphurization. LI et al. [43] and FENG et al. [44]

identified these compounds in FGD by-products.
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Figure 3. Diffractogram (a) and Raman spectrum (b) of SP.

In the SEM micrograph of the VC, Figure 4a, we can see particles with a diameter ranging from 0.7 pm to 20 um,

spherical morphology with a smooth surface (the majority) and some with microporosity. Spherical morphology is

typically identified in fly ash from the combustion of pulverized coal, as reported in the literature [45, 46].

In the SP particles, Figure 4b, agglomerates with varied morphology are observed, containing some flaky crystals and

prismatic-rhombic particles of varying size and heterogeneous distribution, consistent with the morphology observed by

other authors [47, 48].
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Figure 4. SEM images of (a) CV and (b) SP.
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Figure 5 shows the particle size distribution of the waste. The x-axis of the diagrams shows the diameters in pum, the
y-axis on the left shows the cumulative mass % and the y-axis on the right shows the histogram.

Average diameters of 42.19 um and 17.83 um were measured for CV and SP, respectively.
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Figure 5. Particle size distribution (a) CV and (b) SP.

According to MEHTA and MONTEIRO [49], fly ash can have a diameter ranging from 1 pm to 100 pm. COSTA [50]
obtained an average diameter of 41.35 um, while LACERDA [51], 54.22 um, both for fly ash from coal combustion at the
same TPP that supplied the material for this study. The differences between the average diameter found in this work and
those of other authors [50, 51] are related to the characteristics of the combustion process and the coal burned [52].

ZERBINO et al. [53] highlight the importance of the particle size distribution of the waste in terms of the performance
of the paste that incorporates it. In the case of concrete containing ash, with a replacement content of 15% by mass, the
authors observed improvements in the fresh state properties and also in the mechanical properties and durability. This is
due to the greater fineness of the material. According to ZERBINO et al. [53], ash can even influence the inhibition or
development of the alkali-silica reaction (ASR). The mitigation or exacerbation of the ASR depends on the replacement
content of the cement and, above all, the particle size of the added material.

Figure 6 shows the specimens before the axial compressive strength test (6a), positioned in the equipment (6b) and
broken (6¢). Table 5 shows the axial compressive strength values of the mortar specimens molded with different levels of

cement replacement with waste after 7, 14 and 28 days of curing. These values correspond to the average of three

measurements. Graphically, the results are shown in Figure 7.

Figure 6. Mortars (a) before (b) during and (c) after compressive strength measurement.




Table 5. Axial compressive strength of cementitious mortars

Axial compression strength (MPa)
Clay
7 days 14 days 28 days

REF 17.37 19.81 27.76
6% CV 18.98 24.36 29.29
16% CV 15.27 18.99 23.97
26% CV 12.98 14.11 17.58
6% SP 7.06 8.87 22.32
16% SP 6.75 8.78 21.72
26% SP 6.89 7.22 14.88
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Figure 7. Axial compressive strength of cementitious mortars.
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Analysis of the results showed that the strengths were higher at 28 days of curing. With regard to the replacement
content, the greatest gain was for the mortar with a 6% CV cement replacement content. According to HOANG et al [54],
the initial strengths at younger ages are lower due to the lower clinker content and the late reactions of the pozzolanic
material. In addition to its chemical effect, replacing cement with pozzolanic material also reduces the pore size of the
cement matrix [55]. The strength gain for this formulation, i.e. with 6% CV, was 1.53 MPa. This value can be considered
small, but the material is recommended due to the reduction in cement consumption of 187.2 kg/m?.

In relation to the specimens containing SP, there was no gain in strength at the replacement levels and curing times
analyzed in this study. In the work carried out by KHATIB et al. [56], which evaluated the replacement of cement with
FGD residue in concrete in mass percentages ranging from 10% to 90% at curing times of 1, 7, 28 and 365 days, the
addition of residue contributed to a gain in compressive strength only for concrete containing 10% residue at 365 days of
curing. In the other conditions, the results were lower than the reference concrete. In the flexural strength tests, the gain
was limited to the 30% replacement content at 28 days of curing. Possibly due to the addition of this waste, expansive

(deleterious) products are formed, which generate internal stresses in the material.
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For statistical analysis, three factors were considered: type of mortar (A), curing time (B) and percentage cement
replacement content (C). Factor A had two levels, factor B had three levels and factor C had four levels. The factorial
design was carried out with two replicates. The distribution of the data for the analysis is shown in Table 6.

Table 6. Data for general factor analysis

Curing time (B)
7 days 14 days 28 days
Type of clay (a)
Percent cement replacement content (C)
0% 6% 16% | 26% 0% 6% 16% 26% 0% 6% 16% | 26%
18.25 | 14.99 | 14.83 2460 | 2042 | 13.69 30.26 | 23.20 | 17.21
Containing CV
19.71 | 15.55 | 11.13 24.12 | 17.56 | 14.53 28.32 | 24.74 | 17.96
16.89 19.22 27.45
17.85 20.42 28.07
7.59 | 5.98 6.01 7.99 8.02 8.12 21.54 | 22.94 | 15.80
Containing SP
6.53 7.52 7.77 9.74 9.54 6.32 23.10 | 20.50 | 13.96

The factorial design showed that the first-order factors (A, B and C) and the second-order factors (AC and BC) were

significant. It was observed that time, factor B, interacted with the mortar mix used and with the replacement content used

(factor C).

As it was clear that time was influencing the results, it was decided to carry out this analysis separately, using only

factors B and C. Table 7 shows the ANOVA results for a) 7, b) 14 and c) 28 days of wet curing.

Table 7. ANOVA for a) 7 days b) 14 days and c¢) 28 days

a) ANOVA (7 Days) Sum quadratic Mean quadratic F P-value F crit
Type of mortar 175.9602 175.9602 114.5798 5.096E-06 5.317655
% content 129.3643 43.12143 28.07933 0.0001343 4.066181
Interaction 75.80467 25.26823 16.45388 0.0008775 4.066181
Total 381.1292
b) ANOVA (14 Days) Sum quadratic Mean quadratic F P-value F crit
Type of mortar 265.6 085 265.6 085 206.2127 5.400E-07 5.317655
% content 182.5067 60.8355 47.2314 1.964E-05 4.066180
Interaction 126.2027 42.0675 32.6 603 7.744E-05 4.066180
Total 574.3179
c) ANOVA (28 Days) Sum quadratic Mean quadratic F P-value F crit
Type of mortar 35.55141 35.55141 27.40085 0.0007885 5.317655




% content 304.982 101.6 607 78.35383 2.85E-06 4.066181

Interaction 25.40902 8.469673 6.527906 0.0152519 4.066181

Total 365.9424

In the diagram relating the variation in compressive strength to the percentage additions (Figure 8), it can be seen that
the addition of 6% CV is associated with the highest average strength, indicating that this main effect is significant in the
response variable (gain in strength at 28 days). It can also be seen that with the higher substitutions, 16 and 26%, there was
a decrease in strength. The diagrams shown in Figure 8 emphasize that for all the additions studied, VC gave the mortars

greater strength compared to SP and also that the mortar containing 6% VC had the highest strength of all the situations

evaluated.
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Figure 8. Effects of additions on mechanical strength.

Water absorption by capillarity decreased for the mortar with a 6% CV replacement content. This can be explained by
the refinement of the pores due to the addition of the residue. However, this value still does not meet the requirements of
NBR 16072 [58], which defines a minimum percentage reduction of 50% for a mortar to be considered waterproof.

The higher the percentage of residue, the greater the absorption by capillarity, i.e. the material becomes more
permeable and this behavior can be detrimental depending on the application. In addition, as the (w/c) ratio is low, the
waste tends to absorb more water, segregating the particles inside the material. This segregation may have been one of the
factors behind the increase in capillary absorption [59].

Water absorption by capillarity may also be related to the tortuosity of the pores in the cement matrix. In this case,
greater tortuosity makes water permeation more difficult [59, 60].

According to BOTAS [61], capillarity can be analyzed in terms of the initial speed of absorption and in terms of the
total amount of water absorbed. Mortars with smaller pore sizes result in lower initial absorption speeds, but a greater
amount of water absorbed. On the other hand, the connectivity of the porous network, as well as the open porosity itself,
are properties that condition the absorption of water by capillarity, which is one of the main factors responsible for the
degradation of mortar coatings.

The results are shown in Table 8 and graphically in Figure 9. The capillary rise of water in the mortars is shown in

Figure 10.
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Table 8. Absorption of water by capillarity, in g/cm?, as a function of cement replacement content with CV or SP

Clay
Time (hours)
REF CZ 6% CZ 16% CZ 26% SP 6% SP 16% SP 26%
0 0 0 0 0 0 0 0
6 0.37 0.32 0.501 0.41 0.43 0.47 0.56
24 0.52 0.43 0.6 97 0.62 0.56 0.59 0.71
48 0.62 0.51 0.841 0.72 0.68 0.76 0.85
72 0.63 0.53 0.913 0.76 0.72 0.79 0.93
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Figure 9. Absorption of water by capillarity, in g/cm?, as a function of cement replacement content with CV or SP.
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Figure 10. Cementitious mortars broken diametrically to measure water rise.
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4. Conclusions
In this work, mortars based on Portland cement were formulated with partial substitution by waste from
thermoelectric generation. In accordance with the proposed objectives, it was concluded that:

e  The characterization study showed that the fly ash waste consists of quartz, mullite and hematite and the FGD by-
product consists of calcium sulphate and traces of quartz. The ash can be considered a pozzolanic material.

e  Replacing Portland cement with 6% fly ash by mass increases the mortar's axial compressive strength by 5%,
resulting in a reduction in cement consumption of 187.2 kg/m?. In addition, water absorption was lower in this
formulation.

e  Fly ash improves the durability of mortars due to the consumption of calcium hydroxide (Ca(OH) or portlandite) and
the refinement of pores.

e  The curing time interacts with the mortar design and the replacement content.

e  No improvements were seen in the mortars with SP additions.

e  The use of the fly ash used in this study to replace Portland, limited to 6% by mass, is a viable option for the cement
industry, given the economic and environmental advantages it offers. The reduction in clinker consumption and the
proper disposal of industrial waste justify the growing use of this waste, as it brings Portland cement and
thermoelectric generation into line with the precepts of sustainability and encourages the mitigation of the
environmental liabilities of waste-generating companies.
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