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ABSTRACT 

 

Installing a flue gas desulphurization system before the particulate collector in a thermoelectric 

plant generates a residue, called spray dryer ash (SDA), which is a mixture of fly ash and sulfur 

products. This SDA is generated at Pecém’s thermoelectric power plant, carrying a large 

environmental liability, once the research to exploit this residue is still incipient. An alternative 

for SDA is to use it in civil construction. Therefore, the objective of this work is to verify the 

influence of the replacement of hydrated lime by SDA on the rheological behavior in external 

rendering mortars. For this, mixes with 0%, 33%, 67% and 100% substitution contents were 

prepared and rheological tests were performed using squeeze flow method. Results showed that 

SDA has little influence on mortar’s productivity but the strain hardening stage had great 

influence with the presence of SDA, being more evident in higher displacement rates. Also, there 

was less dependence of the displacement rate with the increase of the SDA content. It was 

concluded with the research that the substitution of hydrated lime by SDA yields a tendency to 

increase the consistency of the mortar with the increase of the content of SDA, decreasing its 

overall workability. 

 

 

1 INTRODUCTION 

 

Pecém’s thermoelectric power plant, located in São Gonçalo do Amarante, Ceará, Brazil, 

as well as any coal based power plants, generates as waste bottom ashes and fly ashes [1]. There 

are already studies using these wastes, some already commercially used [2, 3]. However, besides 

solid waste, gaseous emissions are another environmental concern of this type of industry. 

Among the gases emanated are sulfur gases, which can cause acid rain [4]. 

As a way to mitigate the concentration of these gases in the atmosphere, flue gas 

desulphurization systems (FGD) are installed in the plants, which capture the sulfur gases but 



generate new types of waste [5, 6]. The FGD used by Pecém’s thermoelectric power plant is 

semi-dry, a technology adopted since the 1970s [7], where the combustion gases are introduced 

into absorbent towers, where they come in contact with a finely atomized alkaline sludge, 

normally composed of a calcium-based sorbent such as hydrated lime or burned lime. The acid 

gases are adsorbed by the alkaline mud droplets and react to form solid salts [8, 9]. 

Depending on whether the FGD has been installed before or after the particulate collectors, 

sulfur products and fly ash can be generated, collected separately and can be fully utilized [1, 6, 

10], or a solid waste consisting in a mixture of these two wastes, called spray dryer ash (SDA), 

which still has incipient research for its use in civil construction [11]. 

In Europe and China, FGD is commonly installed after the particulate collector, enabling 

the wastes segregation [11, 12]. Data from ECOBA (European Coal Combustion Products 

Association) shows that 26% of the sulfurous waste generated is disposed in landfills, all the rest 

is used [13]. In mostly US thermoelectric plants, FGD is installed before the particulate collector, 

generating SDA [11]. According to American Coal Ash Association (ACAA), only about 20% of 

SDA generated is used [14]. This reinforces the importance of researches aiming to find a use for 

SDA. At Pecém’s thermoelectric power plant, similar to what happens in American plants, the 

FGD is placed before the particulate collector, thus has to deal with SDA.  

In the Brazilian context, mortars are widely used in building constructions, where their 

main function is to coat a substrate that can be a wall, a floor or a roof. Façades in Brazil are still 

make by masonry covered by rendering mortars. 

In Brazil is very common the use of lime in rendering mortars. However, this binder has a 

great environment impact once it leaves 0.75 ton of CO2 for a ton of lime produced [15]. 

The aim of this article is verify the influence of spray dryer ash from Pecém’s 

thermoelectric power plant on the rheological behavior of mortars used as external rendering by 

replacing hydrated lime by SDA. 

2 MATERIALS AND METHOD 

 

2.1 Water, Portland cement and hydrated lime 

 

The water used in the research was obtained from the local supplier. Portland cement used 

was a High Early Strength (Brazilian CP V) with a specific gravity of 3.1 g/cm³. It was chosen 

due to the lower content of mineral additions among those available in the region where the 

study takes place. It attends with Brazilian standard ABNT NBR 16697:2018 [16]. Hydrated 

lime used has a specific gravity of 2.23 g/cm³ and was a type CH-I (Brazilian standard ABNT 

NBR 7175:2003) [17]. It was obtained from a sedimentary limestone, with microcrystalline 

structure and scoring 3 on Mohs hardness scale. Cement and lime was obtained from a local 

construction store. 

 

2.2 Aggregate 

 

Aggregate used was sand, also obtained from a local construction store, with a swelling 

coefficient of 1.43 [18]. Other properties measured according to Brazilian standard ABNT NBR 

7211:2009 [19] are summarized in Table 1. Its grading fits the limits from ASTM C144-03 [20] 

and BS EN 13139:2013 [21] (Fig. 1). 

 
Table 1: Summary of aggregate properties 



Property Value 

Specific gravity (g/cm³) 2.62 

Unit weight (g/cm³) 1.42 

Water absorption (%) 0.42 

Fineness modulus 2.35 

Maximum aggregate size  (mm) 1.20 

 
Fig. 1: Grading curve of aggregate and standard limits 

2.3 Spray Dryer Ash (SDA) 

 

SDA was physically and chemically characterized, yielding a specific gravity of 2.40 g/cm³ 

(ABNT NBR 16605:2017) [22]. Using a laser diffraction particle size analyzer Mastersize 2000E 

(Malvern Instruments) aided with a Scirocco 2000M dispersion unit, a laser granulometry of 

SDA was obtained and compared to the hydrated lime (Fig. 2). The chemical composition was 

given by X-Ray Fluorescence (XRF), using a Rigaku ZSX mini II X-Ray Spectrometer (Table 

2). The morphology by scanning electron microscopy (SEM) is shown in Fig. 3, generated with 

the aid of Inspect S50 - FEI. The resulting crystalline compounds from X-Ray Diffraction (XRD) 

are shown in Fig. 4, obtained with X’Pert PRO – PANanlytical, then analyzed with X’Pert 

HighScore Plus and plotted with OriginPro. 
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Fig. 2: Granulometry by laser diffraction comparing SDA and hydrated lime 

 

Table 2: Chemical composition of SDA 

                   
Fig. 3: Scanning electron microscopy of SDA 
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Fig. 4: Crystalline compounds of SDA 

 

It can be noted, from the XRD, that SDA cannot be classified as a Class C pozolanic 

material according to ABNT NBR 12653:2014 [23]. The sum of iron, aluminum and silicon 

oxides is 52.45%, lower than 70%, minimum acceptable. Likewise, the percentage of sulfur 

oxide present is 7.85%, exceeding the recommended limit of 5%. 

Fig. 3 shows how SDA is similar to a conventional fly ash, but has sulfur crystals adhered 

to the spherical particles, confirmed by Energy Dispersive Spectroscopy (EDS). From Fig. 4, it is 

seen that these crystals are calcium sulfites and sulfates (CaSO3 and CaSO4), responsible for the 

high sulfur content in the waste. 

2.4 Method 

 

First, all materials were collected, then characterized and prepared for the mixes. The mix 

used as reference for this work is the same one adopted for external renderings in most of local 

construction companies, which is a bag of 50 kg of Portland cement, a bag of 20 kg of hydrated 

lime and six barrows with 45 liters of sand each. The amount of water used in the mixes was 

added until obtain a consistence index of 260 ± 5 mm, according to ABNT NBR 16541:2016 

[24] and measured according to ABNT NBR 13276:2016 [25]. 

For the mixes to be compared with the reference, hydrated lime was replaced by SDA from 

Pecém’s thermoelectric power plant. Replacement contents, by volume, were 33%, 67% and 

100%. However, for a greater practicality and precision of the preparation of the mixes in the 

laboratory, the mass of the SDA to be replaced was weighed, for that a mass correction was 

applied based on the difference between the specific gravity of the hydrated lime and the SDA in 

order to ensure that the volume of hydrated lime that has been removed from the mix has been 

replaced by an equal volume of SDA. This correction was calculated as shown in Equation 1. 
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The resulting mix proportions, as well as their respective consistence indexes (Consist.), 

specific gravity and air entrained content in the fresh state [26] are presented in Table 3. For the 

amount of water used, the consistence range of the reference mix was kept constant (260 ± 5 

mm), changing the mass of water added. 

 
Table 3: Mix proportions for cubic meters of mortar and fresh properties 

 

Cement 

(kg) 

Lime 

(kg) 

SDA 

(kg) 

Sand 

(kg) 

Water 

(kg) 

Consist. 

(mm) 

Specific 

Gravity 

(g/cm³) 

Air 

entrained 

(%) 

Reference (R)  254.44 101.78 - 1364.36 351.12 256 2,02 2 

33% of SDA  254.44 67.85 36.51 1364.36 330.77 257 2.03 3 

67% of SDA  254.44 33.93 73.02 1364.36 330.77 255 2.06 2 

100% of SDA  254.44 - 109.53 1364.36 343.49 263 2.08 0.4 

 

After the mix proportions were defined, the mortars were prepared according to ABNT NBR 

16541:2016 [24]. To evaluate the fresh state rheological behavior of the mixes, it was used a 

squeeze flow rheometer following the procedures of ABNT NBR 15839:2010 [27]. 

 
Fig. 5: Squeeze-flow rheometer test. 

 

3 RESULTS AND DISCUSSION 

 

Squeeze flow tests can simulate real flow conditions involved in application and 

processing of mortar. Similar to what happens in previous work [28], the resulting load-

displacement curves (Fig. 5) shows two different regions: viscous flows, occurring with low 

loads, presenting a plastic deformation until about 0.5 mm; and a strain hardening, where the 

load increases substantially with a small increase of deformation. The first region can be 

associated with productivity in mortar application, while the second represents its difficulty to be 

finished, once restrictive forces are higher against the flow [29]. 

 



 
Fig. 5: Squeeze flow results of the mortars tested (a) at 0.1 mm/s and (b) at 3 mm/s 

 

 

 

 
Table 4: Displacement where the curve changes region 

 Displacement (mm) 

 0,1 mm/s 3 mm/s 

Reference 0.70 1.3 

33% of SDA 0.60 0.7 

67% of SDA  0.55 0.5 

100% of SDA  0.35 0.35 

 

Results indicates that SDA shortened the region with plastic deformation, but not enough 

to influence on mortar’s productivity, once, during the specimens casting, no practical difference 

was noticed by the authors nor the professional who made the mortar panels. Besides, the strain 

hardening stage was influenced by the presence of SDA, increasing mortar’s consistence with the 

elevation of SDA content. This behavior is more evident in higher displacement rates (Fig. 5). 

This stage can occur because of liquid migration from the center to the edges making a solid 

concentration in the center region, mainly in low speed tests [28, 30, 31] and due to geometry 

restrictions that increases the friction between particles [28, 32]. 

There weren’t evident liquid-solid segregation during and after the tests in any mortar, so 

the friction by geometry restriction is more related to the differences in these mortars. As Fig. 2 

shows, SDA has particles with smaller sizes than hydrated lime, so its elevated specific surface 

demands more water to a complete cover. However, flow table consistence index was used to fix 

the fresh state behavior, as commonly adopted to compare mechanical properties of mixes. With 

this method, SDA mixes used less water to obtain the same diameter. Associating this with the 

decrease of air entrained (Table 3), the consistence’s increase observed with higher SDA content 

can be explained by a less amount of paste available to lubricate the system, lifting the friction 

[29, 33].  

Other interesting observation, already presented in Table 4, can be seen more clearly in 

Fig. 6: there is less dependence of the displacement rate with the increase of the SDA content. 

These facts contributes to confirm the statement that single point measures, like flow table 
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spreading, are not enough to determine a material behavior [33], once mortars with the same 

consistence index, like those in this work, can have different rheological answer. 

 

 

 

Fig. 6: Individual squeeze flow results with booth displacement rates for (a) Reference, (b) 33% SDA 

mix, (c) 67% SDA mix and (d) 100% SDA mix. 

 

4 CONCLUSIONS 

 

The substitution of hydrated lime by spray dryer ash from Pecém’s thermoelectric power 

plant in external rendering mortars should be made with parsimony, even thou previous research 

showed equal or higher strength then the mortars without the residue [34], once the rheological 

evaluation with squeeze flow equipment showed a tendency to decrease workability as the 

substitution content increases. This probably occurred because elevated SDA contents demands 

more water to a better mix (more fines), so, as this research was fixed by flow table, the mix 

properties was not efficiently proportioned. 
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