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Abstract 
 
Reducing the carbon footprint of the cement industry has become one of the main concerns of 
researchers in the field. This study explores different strategies to reduce the setting retardation effect 
of high-SO3 fly ash (HSFA) on cement paste. The SO3 phase was found to correspond to hannebachite 
(CaSO3·0.5H2O). Chemical (calcium chloride), physical (fine limestone powder), and pre-washing 
strategies were investigated as means to reduce or eliminate the retardation. Each of these strategies 
showed some potential to decrease the retardation effect. A combination of fine limestone powder and 
HSFA pre-washing showed almost the same accelerating power as the calcium chloride, offering a good 
alternative when chloride incorporation is restricted. The retardation effect can be associated with a 
combined extension of the induction period and a depression of the initial silicate reactions of the clinker 
phases. A methodology to assess the hannebachite content based on a thermogravimetric analysis (TGA) 
technique is proposed, allowing a good alternative control approach for field conditions or for where X-
ray (XRD or XRF) equipment is not readily available.  
 
Keywords: sustainability, hannebachite, isothermal calorimetry, supplementary cementitious materials, 
hydration kinetics, flue gas desulphurization (FGD) 
 
 
1. Introduction 
 
Environmental concerns, such as energy consumption and CO2 emission reductions, have taken special 
relevance in the construction industry during the last decades [1]. The use of supplementary 
cementitious materials (SCMs) as a means to reduce the cement content in concrete mixtures [2–4] and 
enhance the durability of the material and increase the service life of concrete structures [5] has become 
a topic of increasing interest among researchers. 
 
Fly ash (FA), a by-product of coal combustion in thermal power plants, has been successfully used as an 
SCM for partial cement replacement [6–13]. The effects and contributions of FA on rheology and 
setting [9,14], phase assemblage [15,16], strength development [8,14,17], and durability [18–20] have 
been widely studied.  
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Some FAs may exhibit a strong retardation effect on the initial setting of cement paste, compromising 
their feasibility as a cement replacement material, although the interaction mechanism producing the 
retardation has not been described in detail. Fine limestone powder has been successfully used to 
accelerate the rate of reaction of cement clinker and partially offset the retardation effect  [21], and its 
efficiency has been also studied in blended FA-limestone systems [15,16,22].  
 
Environmental concerns about coal power plants’ flue gas emissions have led to the widespread 
adoption of desulfurization units, high efficiency burners, and particulate material precipitators [23,24]. 
While these technologies have indeed exhibited a positive impact on the emissions level and their 
composition, they can also affect the composition of the FA generated, as some of the residues extracted 
from the flue gas may be precipitated along with the FA. 
 
This project describes a systematic assessment of the feasibility of using FA that contains sulfur 
compounds that are combined with the solid phase during precipitation. Stage one is focused on the 
characterization of the sulfur-rich compounds and their interaction with cement phases at early (from 
mixing up to 7 d) and later ages. Among the effects at early ages, setting time retardation is a critical 
issue that needs to be addressed for a successful use of these FAs. The current study explores several 
alternatives to offset the observed retardation of initial setting time in cement paste mixtures 
incorporating these sulfur-rich FAs. 
 
 
2. High-SO3 fly ash (HSFA): semi-dry flue gas desulfurization (FGD) process 
 
The pollutants that can be released as a result of combustion in a coal power plant are particulate matter, 
sulfur dioxide (SO2), nitrogen oxides (NOX), carbon monoxide (CO), carbon dioxide (CO2), unburned 
hydrocarbons, dioxins, and furans [25].  Several technologies have been developed to reduce the amount 
of pollutants in the exhaust gas and therefore, comply with the increasingly stricter regulations 
concerning the environmental impact of these industries.  
 
Regarding the twin power units from which the FA samples were collected for this study, two 
technological devices were installed to reduce pollutants in the exhaust gas (Figure 1). First, the use of a 
low-NOX coal burner leads to a reduced amount of this pollutant in the gas fraction, with the remaining 
compounds retained in the solid particles of the combustion flux. Following the combustion stage, a 
semi-dry flue gas desulfurization (SD-FGD) unit, consisting of a solution of calcium hydroxide (Ca(OH)2), 
is injected as atomized fine droplets into the flux. Calcium hydroxide combines with the SO2 in the flue 
gas, leading to the formation of calcium sulfite (CaSO3) and water. In some plants, a forced oxidizing 
stage is included after the FGD to transform this calcium sulfite into gypsum (CaSO4·2H2O), which has 
commercial value. Furthermore, a first sleeve filter is usually placed between the burner and the FGD 
unit to collect the FA before intermixing with the FGD by-products, especially when this FA is viewed as 
a valuable by-product itself. However, none of these stages are implemented in the power units 
considered in this study, consistent with commercial practice at many existing power plants. Because of 
the joint collection of FA and the by-products of the FGD unit, the obtained FA exhibits high levels of 
SO3-rich compounds when it is collected from the power plant. 
 



 3 

 
 

Figure 1. Schematic diagram of the coal burning unit of the power plants from which the FA considered in this 
study was collected. 

 
 

For the purpose of this study, high-SO3 fly ash (HSFA) is defined as any FA material with a measured SO3 
content above the maximum of 5.0 % prescribed by ASTM C618 [26]. The aim of the inclusion of this 
restriction in the standard was to limit the amount of gypsum in FA, which can lead to sulfate-related 
deleterious reactions in concrete [27,28]. However, for a dry or semi-dry FGD process, previous related 
studies have shown that the formed by-product solid sulfur-rich phase is mainly composed of calcium 
sulfite (CaSO3) [23,29–31]. Thus, the stability (reactivity) of this compound and difference in its chemical 
behavior relative to its oxidized form (gypsum), needs to be understood to assess the feasibility of the 
utilization of HSFA in cement-based materials. 
 
3. Materials and methods 
 
Two different fly ash samples (named FA-1 and FA-2) were selected for this study. Both ashes were 
obtained from a power plant with the desulfurization process described in the previous section. Because 
of this FGD scheme, high amounts of sulfur-rich compounds are found in the ashes. The chemical and 
physical nature of these materials are addressed in the forthcoming sections.  
 
Type I ordinary Portland cement (OPC) was used for the entire experimental program. Chemical 
compositions of the OPC and HSFA samples were determined by X-ray fluorescence (XRF), and the results 
are shown in Table 1, along with the phase composition of the OPC as determined by quantitative X-ray 
diffraction (QXRD). Limestone (LS) powder (calcite) was obtained from a local supplier. The calcium 
carbonate (CaCO3) content was determined by thermogravimetric analysis, measuring 98 %. The specific 
gravity of the materials was determined using nitrogen pycnometry. The specific surface area (SSA) of 
the powder materials was determined by gas adsorption using the Brunauer-Emmett-Teller (BET) 
method, with a Micromeritics TriStar II1 analyzer. Nitrogen (N2) was used as the analysis gas. 
 
For the XRF analysis, the fusion beads sample preparation method was used, using lithium tetraborate 
(Li2B4O7) as the fluxing agent. By this method, the compounds in the ashes are oxidized and therefore, 
no distinction between different oxidation states can be obtained. This implies that the elemental 
quantification is obtained as an overall value of abundance in the sample, independent of the oxidation 

                                                      
1 Certain commercial products are identified in this paper to specify the materials used and the procedures employed. In no 

case does such identification imply endorsement or recommendation by NIST, EPFL or Universidad del Desarrollo, nor does 
it indicate that the products are necessarily the best available for the purpose. 
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state of the actual compounds present. Both HSFA correspond to Class C FA according to the ASTM C618 
classification scheme [26]. In addition, the same standard establishes a 5.0 % limit for SO3 content, which 
is well surpassed for both FA studied (thus corresponding to HSFA based on the definition presented 
before). The spirit of this restriction is to limit the amount of gypsum (CaSO4·2H2O), which in excess can 
severely affect the hydration of the aluminate phases and generate durability issues [32,33]. However, 
as will be shown in the subsequent sections, this is not the mineral nature of the sulfur-rich phase 
present in these HSFAs. XRF measurements conducted over similar materials shows that the standard 
deviation of the obtained values is below 0.5 % for the most abundant oxide (50 % to 70 % by mass).   
 
Table 1. Chemical composition of OPC and HSFA samples (mass %) and phase composition of OPC.  

 OPC FA-1 FA-2 LS 

SiO2 21.59 37.42 34.57 - 

Al2O3 3.82 23.79 21.15 - 

Fe2O3 3.05 3.34 3.01 - 

CaO 64.34 18.12 21.05 - 

Na2O 0.54 1.02 0.95 - 

K2O 0.46 0.44 0.51 - 

MnO 0.06 0.08 0.07 - 

TiO2 0.33 1.02 0.87 - 

MgO 1.84 1.58 0.99 - 

P2O5 0.19 0.37 0.34 - 

SO3 2.87 8.78 10.39 - 

LOI 1.60 3.47 4.62 - 

SiO2+ Al2O3+ Fe2O3 28.46 64.55 58.73 - 

C3S 68.51 - - - 

C2S 11.72 - - - 

C3A 6.58 - - - 

C4AF 9.83 - - - 

Sp. gravity (g/cm3) 3.122 2.117 2.274 2.750 

SSA (m2/g) 1.27 4.12 4.77 1.53 

 
 

3.1 Fly ash characterization techniques 
 
3.1.1 X-ray diffraction (XRD)  
 
XRD analysis was performed to determine the mineral composition of the OPC and HSFA samples. The 
diffraction patterns were acquired on a Bruker D2 Phaser diffractometer equipped with a Cu Kα source 

working at 30 kV/10 mA, and a solid state LinxEye detector, in the range 10° to 90° 2 (0.71 to 5.76 Å-1), 

using a step size of 0.01° 2 with an equivalent exposure time of 0.5 seconds per step. Commercial 
software Match! was used for phase identification, coupled with the PDF2 database.  
 
 
 
 



 5 

3.1.2 Thermogravimetric analysis (TGA) – Alternative SO3 content determination 
 
While XRF offers a proven and reliable technique to assess the SO3 content of HSFA, sample preparation 
and equipment availability sometimes limit its applicability in all scenarios. Furthermore, XRF cannot 
distinguish the mineral origin of the measured SO3. The thermal decomposition of calcium sulfate 
(CaSO4) and calcium sulfite (CaSO3) hydrated salts are well described and are easily distinguishable by 
TGA analysis [24,34]. Therefore, separate quantification of both phases can be easily performed using 
the measured mass loss and the molar masses of the released compound and the original mineral 
present in the HSFA. The two HSFA samples considered in this study were analyzed between 30 °C and 
1000 °C, with a heating rate of 10 °C/min and under a protective nitrogen (N2) atmosphere flowing at 
50 mL/min. About 40 mg of HSFA sample were placed in alumina crucibles without additional grinding.  
 
A previous study used the water release from CaSO3·0.5H2O (hannebachite) between 300 °C and 370 °C 
to quantify this compound in several FGD residues [24]. Based on trials with pure hannebachite, the 
temperature range was adjusted to 300 °C to 400 °C in this study to capture more accurately the mass 
loss associated with dehydration.  This mass loss can be used to determine the amount of hannebachite 
present in the initial sample by a simple mass balance and from there, the equivalent SO3 content 
(SO3-EQTGA), using Eq. 1.  
 

                                                    𝑆𝑂3−𝐸𝑄𝑇𝐺𝐴 = %𝑚𝑎𝑠𝑠𝑙𝑜𝑠𝑠300−400 °𝐶 ·
𝑀𝑜𝑙𝑎𝑟_𝑚𝑎𝑠𝑠(𝑆𝑂3)

0.5·𝑀𝑜𝑙𝑎𝑟_𝑚𝑎𝑠𝑠(𝐻2𝑂)
                                      

(1) 
 
The SO3-EQTGA content was compared with the SO3 content measured by XRF for several other HSFA and 
Class F (SO3 content below 5.0 %) fly ash samples in addition to the ones considered in this study, in 
order to validate this alternative approach for measuring SO3 content. In previous studies, it has been 
observed that the typical uncertainty for quantitative phase analysis using TGA is represented by a 
coefficient of variation of less than 5 % for phase fractions in the range of 2 % to 15 % [10].  
 
3.1.3 Particle size distribution 
 
Particle size distributions (PSD) of HSFA (raw or pre-washed (W)), LS, fine LS (FLS) and OPC were 
measured using a Malvern Mastersizer 2000 laser diffractometer. Isopropanol (refractive index 1.378) 
was used as a dispersant, and the PSD was measured for 20 s while stirring at 2700 rpm. For PSD 
calculations, 1.610/0.1, 1.596/0.001 and 1.700/0.1 were used as refractive index/extinction coefficient 
(real/imaginary) of the HSFAs, LS, and OPC, respectively [35]. Results are shown in Figure 2. 
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Figure 2. Particle size distributions (PSD) of the raw materials used in this study, a) differential and b) cumulative 
plots.  

 
3.1.4 Scanning electron microscopy (SEM) 
 
SEM observations were conducted to understand the morphology and elemental distribution of the 
HSFA samples at a micro scale. For the morphology assessment, a FEI XL series microscope equipped 
with a field emission tip and an in-lens SE detector was used to perform high resolution imaging (HR-
SEM). Each HSFA powder sample (FA-1 and FA-2) was dispersed in a 0.01 % sodium poly-acrylic acid 
solution. A few droplets of the suspension were dispensed and dried on glass plates. Afterwards, the 
particles were placed over carbon holders and coated with osmium oxide (OsO4), to avoid interference 
of the coating crystallites with the morphological features of the ashes at the nanometer scale.  
 
For the elemental distribution mapping, a FEI Quanta 200 SEM equipped with a Bruker XFlash 4030 EDS 
detector was used. The accelerating voltage was set at 15 kV and the working distance to 12.5 mm. The 
powder samples were dispersed in a low viscosity epoxy and cured for 24 h at room temperature. 

Subsequently, the samples were polished down to 1 m, coated with carbon and mapped in 4 different 
areas each at 400X magnification. Backscatter electron images and EDS full elemental maps consisting 

of 4 frames of dimensions 640 µm by 480 m were collected. 
 
3.2 Setting time acceleration strategies 
 
Initial setting is closely related to hydration kinetics, as it marks the formation of the first percolated 
structure by interconnection of solid particles and hydration products. Among the strategies for 
mitigating the retarding influences of SCMs on Portland cement hydration, chemical acceleration using 
admixtures and physical acceleration using fine mineral additions have been explored in depth [21,36]. 
In this study, both approaches are explored, plus a novel FA pre-washing procedure. A similar approach 
is described in work previously patented, where FA is pre-soaked in water to reduce the interference 
between FA and the normal hydration of cement [37].  
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3.2.1 Physical acceleration: limestone powder 
 
Limestone (LS) powder was selected as a physical accelerator because its capabilities and potential in 
this matter have been proven in previous studies [21,38]. The LS powder was characterized and used as 
received. The same LS powder was additionally ground in a jar mill for 5 d to obtain a finer powder (FLS, 
with an SSA of 3.60 m2/g), in order to assess the effect of additional surface on setting time and early-
age hydration (see Figure 2 for PSDs of LS and FLS). Previous studies have shown that increasing the 
limestone surface area provides a further reduction of the initial setting time of blended OPC-FA systems, 
reducing setting times of mortars [22], providing additional nucleation sites for hydration (filler effect) 
[39–41] and also actively taking part in the percolated backbone upon initial setting [38].  
 
3.2.2 Chemical acceleration: calcium chloride 
 
Calcium chloride dihydrate (CaCl2·2H2O) was used as a setting and hydration chemical accelerator. While 
limiting provisions for using chloride accelerators are prevalent due to durability concerns [42], it was 
selected for being one of the  most inexpensive and widely adopted chemical accelerators, and also for 
providing comparable setting accelerating power to limestone powder in the ranges explored in this 
study [21]. 
 
3.2.3 Fly ash pre-washing 
 

For the pre-washing process, 180 g of HSFA were placed over a 0.45 m filter (100 mm diameter) in a 
Büchner funnel, and 500 mL of distilled water were passed through the sample under vacuum. After no 
further washing water was collected in the system, the washed samples (code named FA-1W and FA-2W 
for washed samples of FA-1 and FA-2, respectively) were placed in an oven and dried at 105 °C for 24 h. 
PSD and XRD analysis was performed on the washed samples to determine any changes in their particle 
size distribution due to dilution/non-retention during the process and any variation in their mineralogical 
composition.  
 
3.3 Setting time and early-age hydration assessment  
 
3.3.1 Vicat setting time test 
 
Setting was measured using an automatic (Vicat) instrument that made needle penetration 
measurements in fresh locations every 10 min, starting after a user-selected delay. The machine was 
placed in a temperature controlled room maintained at 23 °C ± 3 °C. According to the ASTM C191 test 
method [43], the single laboratory precision for initial time of setting (taken as the time when a 
penetration of 25 mm is first achieved) is 12 min. 
 
3.3.2 Isothermal calorimetry 
 
Isothermal calorimetry measurements were conducted using a TAM Air isothermal calorimeter at 23 °C 
to study the early-age kinetics and hydration development of the mixtures. Tests were conducted on 
cement paste samples from the same batches as the samples used in compressive strength tests and 
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were kept in the calorimeter up to 3 d. Regarding variability and repeatability of the test, the average 
absolute difference between replicate specimens was previously measured to be 2.4·10-5 W/g (cement), 
for measurements conducted between 1 h and 7 d after mixing [9]. 
 
3.3.3 Compressive strength 
 
For early-age strength measurements, cubic specimens of paste 20 mm on a side were used. Specimens 
were removed from their molds after one day of curing and stored in sealed bags in a chamber at 23 °C 
± 3 °C and 95 % relative humidity (RH) until the time of testing. Compressive strength tests were 
conducted at 3 d and 7 d on 3 specimens at each age, with a constant 1.8 kN/s loading rate being 
employed in all cases.  
 
4. Mixture Proportions 
 
Mixture proportions were designed on a volumetric basis, maintaining a constant volume fraction of 
water and solids [10,22]. A 100 % OPC mixture with a water-to-cementitious material (w/cm) and water-
to-solids (w/s) ratio by mass of 0.45 was selected as a reference for volume fraction proportioning (w/s 
of 1.405 by volume). This volumetric procedure allows avoidance of the confounding effect of a mass-
based replacement between the contributions of the different accelerating strategies, FA reactivity, and 
initial porosity, given by water volume fraction [10]. 
 
In the binary mixtures, the FA replacement level was fixed at 30 % by volume of cement, which allowed 
a clear expression of the FA retarding effect. For the ternary mixtures containing LS or FLS, the 
replacement was performed over the FA fraction on a 3-to-1 FA to LS (or FLS) ratio by volume [22]. Thus, 
for a mixture containing 30 % by volume of FA, the volume was distributed as 7.5 % LS and 22.5 % FA. 
Reagent grade calcium chloride (dihydrate) was added on top of the total mixture, at 1 % (only for setting 
time tests), 2 %, and 3 % by mass of the cement. Considering its dihydrate form, 75.5 % by mass of the 
salt is calcium chloride. Mixture proportions of the eight mixtures are summarized in Table 2. 
 
Table 2. Mixture proportions used in this study.  

MIX ID Control FA-1(2) FA-1(2)W FA-1(2) + LS FA-1(2)+FLS 
FA-1 + 

1%CaCl2 
FA-1(2) + 
2%CaCl2 

FA-1(2) + 
3%CaCl2 

OPC (vol. %) 100 70 70 70 70 70 70 70 

LS/FLS (vol. %) 0 0 0 7.5 7.5 - - - 
FA-1/FA-2 (vol. 

%) 
0 30 30 22.5 22.5 30 30 30 

OPC (g) 400 280 280 280 280 280 280 280 

LS or FLS (g) 0 - - 26.43 26.43 - - - 

CaCl2·2H2O (g) 0 - - - - 2.80 5.60 8.40 
FA-1 (FA-2) (g) 0 81.37(87.41) 81.37(87.41) 61.03(65.55) 61.03(65.55) 81.37(87.41) 81.37(87.41) 81.37(87.41) 

Water (g) 180 180 180 180 180 180 180 180 

Vol. of solids 
(cm3) 

308.12 308.12 308.12 308.12 308.12 308.12 308.12 308.12 

w/s (vol.) 1.405 1.405 1.405 1.405 1.405 1.405 1.405 1.405 
w/s (mass) 0.45 0.50(0.49) 0.50(0.49) 0.49(0.48) 0.49(0.48) 0.50(0.49) 0.50(0.49) 0.50(0.49) 

w/cmA (mass) 0.45 0.50(0.49) 0.50(0.49) 0.53(0.52) 0.53(0.52) 0.50(0.49) 0.50(0.49) 0.50(0.49) 
AFor computing w/cm in this study, cement and fly ash are considered as cementitious materials, but not the limestone 
powder. 
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5. Results and Discussion  
 
5.1 X-ray diffraction (XRD) and thermogravimetric analysis (TGA) 
 
The XRD patterns of the HSFA samples before and after the pre-washing treatment are shown in Figure 3. 
Results are presented for qualitative observation of the mineral phases present, despite efforts for 
quantification through Rietveld refinement being performed. However, it was noted that the crystalline 
structure of hannebachite (CaSO3·0.5H2O) has been poorly described in the literature compared to those 
of anhydrite, bassanite, or gypsum (CaSO4, CaSO4·0.5H2O and CaSO4·2H2O, respectively). In fact, only 
two published crystalline structures could be found for hannebachite: one by Schropfer in 1973 [44] and 
the other by Hentschel et al. in 1985 [45]. Neither of these structures appeared to accurately describe 
the mineral compound found in the ashes, prohibiting a good fit of the model. Consequently, no 
quantitative information on hannebachite content could be extracted from the results. However, the 
phase identification does give interesting insights into the effect of the pre-washing treatment on HSFA 
mineralogy.  
 

 
Figure 3. X-ray diffraction (XRD) patterns for HSFA samples before (FA-1 and FA-2) and after (FA-1W and FA-2W) 
the pre-washing treatment.   

 
As observed in Figure 3, the mineral compositions of both raw HSFA (FA-1 and FA-2) are similar. The 
presence of typical minerals found in fly ashes such as alumino-siliceous (mullite) and silica (quartz) rich 
phases are present in both samples. Calcite (CaCO3) and portlandite (Ca(OH)2) are also present, most 
likely as residues from the combined FGD process involved in these particular power plant units. The 
hannebachite peaks are clearly identified in both materials, and no traces of calcium sulfate or any of its 
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hydrated forms are observed, in agreement with previous observations concerning semi-dry FGD 
process solid residues [23,29–31]. Beta and gamma potassium nitrate are observed in both ashes, which 
is attributed to the use of a low-NOX coal combustor in both units; reducing the effluent NOx in the gas 
could lead to retention of nitrates in the solid residues. After the pre-washing treatment, the amount of 
potassium nitrate (gamma) is reduced significantly in the ashes (see FA-1W and FA-2W on Figure 3), due 
to its high solubility in water. In contrast to the fairly high solubility of gypsum, the solubility of calcium 
sulfite is very low in water at ambient temperature, with reported values around 4.5·10-4 mol/dm3 or in 
terms of mass, 0.054 g/dm3 [46], almost 50 times lower than the 1.4·10-2 mol/dm3 (2.4 g/dm3) solubility 
of gypsum [47]. Therefore, one might expect significant calcium sulfite to remain after the pre-washing 
procedure, with peaks of similar intensities to those observed for untreated samples. The intensity of 
the (001) portlandite peak also decreased noticeably after the pre-washing procedure. The intensity of 
the peaks of other phases remained fairly constant, which supports that no particles were lost during 
the filtration and only soluble compounds were removed/reduced. This is further validated by the barely 
detectable variation in PSD observed between HSFA samples before and after their pre-washing 
(Figure 2).  
 
TGA results are presented in Figure 4, where the decompositions of interest are marked in the figure for 
ease of identification. 
 

 
Figure 4. TGA mass loss curves for FA-1, FA-2 in N2 atmosphere and pure hannebachite samples in N2 and air 
atmosphere. 

 
 
FA-1 exhibited a mass loss between 300 °C and 400 °C of 1.01 %, which can be translated into an 8.83 % 
equivalent SO3 content by computation using Eq. (1). Similarly, FA-2 exhibited a mass loss of 1.12 % in 
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the same temperature range, which corresponds to a 9.96 % equivalent SO3 content. Both values are 
within 5 % of variation of the measured SO3 content by XRF (see Table 1) and in general the accuracy is 
within 10 % when considering additional HSFA samples to validate the procedure, as shown in Figure 5. 
Regarding the pure hannebachite analysis, the decomposition between 300 °C and 400 °C was 6.88 % in 
N2 and 6.67 % in an air atmosphere, which are equivalent to 98.6 % and 97.5 % initial hannebachite 
contents, respectively. The decomposition of portlandite (400 °C-500 °C) and the decarbonation of 
calcite (650 °C-800 °C) are also clearly identifiable in the TGA curves shown in Figure 4. 
 

 
Figure 5. SO3 content determined by XRF analysis versus SO3 content determined by TGA analysis using Eq. (1).  
 
In a reducing atmosphere (e.g., N2) anhydrous CaSO3 decomposes into calcium oxide (CaO), calcium 
sulfide (CaS), sulfur oxides (SOx) and oxygen (O2) between 800 °C and 1000 °C, SOx being released as a 
gas and being measured as a mass loss along with oxygen [48]. As seen in Figure 4, the decomposition 
over this range for FA-1 and FA-2 also approaches the SO3 contents determined by XRF (see Table 1), but 
the measure is less reliable as the proportion between SOx and O2 released is unknown. In the case of 
the pure hannebachite used in this study, the decomposition continued above 1000 °C, thus, the value 
presented in Figure 4 considers the mass loss up to 1100 °C. This decomposition does not take place in 
the presence of oxygen (e.g., in air [49]), where the material undergoes oxidation and transforms into 
calcium sulfate, which is observed as an overall mass gain of the sample after calcination compared to 
its initial mass (2.73 % for the hannebachite analyzed, which indicates that full oxidation did not occur 
during the test). On the other hand, the dehydration between 300 °C to 400 °C occurs both in reducing 
and oxidizing environments. Therefore, the analysis based on this range could be performed by a simple 
dehydration of the HSFA samples using a common laboratory furnace and a scale, where TGA equipment 
is not readily available. A source of error of the gravimetric measurement method is the uncertainty of 
the initial water content of the calcium sulfite compounds. However, the accuracy is at least high enough 
for quality control and field monitoring purposes. 
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5.2 Vicat setting time  
 
Setting time results for all of the systems studied are presented in Figure 6 as needle penetration curves 
versus time. The FA-1 and FA-2 (30 % FA by volume) systems exhibited initial setting times of 12.5 h and 
11.8 h respectively, which is equivalent to a retardation of 2.92 (delay of 8.2 h) and 2.76 (delay of 7.5 h) 
times compared to the reference control mixture (initial setting time equal to 4.3 h). Figure 6 allows a 
visual comparison of the effectiveness of the different acceleration strategies explored in this study. The 
addition of limestone (FA-1+LS and FA-2+LS) produces a reduction of the setting time equivalent to a 
relative improvement over the FA-1 and FA-2 cases of only 8.4% and 5.5 %, respectively. As the limestone 
addition is refined (FLS), its specific surface area increases and the setting time reduction is significantly 
improved (21.8 % and 21.1 % improvement for FA-1 and FA-2, respectively).  This can likely be attributed 
to the additional sites for preferential nucleation of OPC hydration products [21,38,39], which in turn 
accelerate the formation of the first percolated backbone. 
 

 
Figure 6. Setting time (Vicat needle) results for mixtures studied. Initial setting time can be found for each mixture 
as the intersection of the 25 mm penetration dashed line and the measured curve.  

 
The fly-ash pre-washing treatment proved very effective at mitigating setting time retardation, with 
observed improvements of 28.0 % and 25.6 % of FA-1W and FA-2W compared to FA-1 and FA-2, 
respectively, better than the results observed for the FLS powder. Based on XRD results, pre-washing 
removes potassium nitrate (KNO3) from the fly ashes. OPC + KNO3 mixtures were prepared to verify that 
this component could explain part of the observed retardation. As seen in Figure 6, KNO3 produces a 
measurable retardation of the initial setting time, increasing it to 5.35 h (a 25 % retardation) for an 
addition of 0.50 g of KNO3 to a mixture containing 400 g of OPC. This retardation is on the same order as 
the difference between FA-1W/FA-1 and FA-2W/FA-2 (38 % and 34 % of the delay, respectively of the 
un-washed FA mixture referred to the pre-washed case). Thus, the removal of nitrate-rich phases from 
the HSFA seems to explain much of the improvement observed after pre-washing. A combination of FA 
pre-washing and physical acceleration was also explored (FA-1W+FLS), with a measured initial setting 
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time of 7.9 h. This represents a retardation of 84 % over the Control or a 108 % improvement compared 
to the FA-1 case (retardation of 192 % over Control), at the same clinker factor.  
 
Calcium chloride also proved to be effective in reducing the initial setting time, by accelerating the 
hydration of the silicate phases in OPC, especially C3S [36,50]. With a 3 % CaCl2 addition, the setting time 
delays are reduced to 47.6 % and 45.9 % for FA-1 and FA-2, respectively, thus qualifying as the most 
effective strategy considered. However, this high amount of calcium chloride is usually not permitted by 
codes for reinforced concrete elements, due to the increased risk of rebar corrosion [42].  
 
5.3 Compressive strength 
 
Compressive strength measurements of cement paste cubes are presented in Table 3. At 3 d, all of the 
modified mixtures exhibited slightly increased strengths in comparison to their corresponding base 
blended FA-1 and FA-2 systems. Strength improvement is expected because physical and chemical 
acceleration strategies seek to accelerate the hydration of OPC and, therefore, the formation of C-S-H. 
On the other hand, FA pre-washing provides a reduction in the retarding effect of HSFA on the hydration 
of the silicate phases of the cement. The enhancing effect on strength is more clearly observed at 7 d. 
No significant difference between LS and FLS is observed at 3 d. This is attributed to the relatively small 
amount of limestone in the mixtures, which may dilute the differences observed when increasing the 
specific surface of the limestone. Differences observed in setting behavior may correspond to strength 
differences among FLS systems before 3 d, as will be shown in the next section. After 3 d, strength 
development is dominated by the ongoing hydration of cement and the formation of CO3-AFm phases 
(hemi and monocarboaluminate) from the reaction of limestone with aluminates. While a finer 
limestone is expected to react faster, the overall contribution of these phases to space filling and 
strength is rather small [51], and its reactivity is limited to the available aluminates sourced from the 
OPC [52,53].  
 
At 7 d, mixtures containing CaCl2 had slightly lower strengths compared to mixtures using other 
strategies. This behavior has been observed previously [21,36], and has been attributed to the formation 
of a lower quality (higher porosity) C-S-H due to the extreme acceleration of the C3S reaction typically 
induced by CaCl2.  
 
Table 3. Compressive strength results of cement paste samples at 3 d and 7 d (STD indicates standard deviation).  

MIX ID Control FA-1 FA-2 FA-1W FA-2W 
FA-1 
+LS 

FA-2 
+LS 

FA-1 
+FLS 

FA-2 
+FLS 

FA-1 + 
2%CaCl2 

FA-2 + 
2%CaCl2 

FA-1 + 
3%CaCl2 

FA-2 + 
3%CaCl2 

3d strength 
(MPa) 

37.85 16.31 15.66 17.84 17.93 18.55 19.04 17.97 18.19 18.19 17.63 18.15 17.63 

3d STD 
(MPa) 

1.08 1.03 0.84 0.50 0.91 0.97 0.53 0.66 0.25 0.25 0.81 0.62 0.52 

7d strength 
(MPa) 

48.55 26.96 29.26 30.96 30.46 31.91 30.53 31.77 31.48 30.72 29.41 29.87 28.17 

7d STD 
(MPa) 

2.61 0.98 0.55 1.89 1.05 1.95 1.88 0.32 0.89 0.61 1.51 1.41 0.43 
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5.4 Isothermal calorimetry 
 
To better appreciate the effects of the accelerating strategies on hydration kinetics, results are 
presented separately for each of the different methodologies studied. Heat flow results are presented 
normalized by OPC content to observe acceleration/retardation and activation/suppression of the 
reaction kinetics of cement by the inclusion of the FA. On the other hand, total heat is presented 
normalized by initial volume of water, as it has been shown that this normalization can be linearly 
correlated with compressive strength [54]. 
 

a) Physical acceleration: limestone powder 
 
Heat flow and total heat release curves for the LS and FLS blended systems are presented in Figure 7, 
along with the FA-1 and FA-2 results to be considered for comparison. FA retardation extends the 
induction period and reduces the rate of the OPC silicates’ hydration, which is observed as a height 
reduction in the first peak (Figure 7a). Systems containing LS powder exhibit amplification of the silicates 
reaction, while some acceleration is also observed. This is attributed to the limestone grains providing 
more surface and stimulating the nucleation of C-S-H [55]. FLS additions enhance this acceleration effect, 
in good agreement with the setting time results and the higher SSA of this material compared to the 
original LS. Total heat release shows that samples containing FLS exhibit higher heat release per unit 
volume of water up to 24 h of hydration (Figure 7b), suggesting a higher strength of these mixtures at 1 
d. However, the difference between FLS and LS disappears by 3 d, in general agreement with the 
observations from compressive strength tests at 3 d and 7 d, where no significant differences were 
observed between the LS and FLS mixtures.    
 

 
Figure 7. Isothermal calorimetry results for mixtures incorporating HSFA and limestone powder, a) heat flow 
versus time and b) heat release per unit volume of water. 
 
 

b) Chemical acceleration: calcium chloride 
 
Isothermal calorimetry results for systems containing CaCl2 are presented in Figure 8. Additions of 2 % 
or 3 % CaCl2 produce a strong acceleration of hydration, in agreement with the initial setting time results 
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discussed previously. A single peak is observed in these systems, as the heavily accelerated C3S reaction 
overwhelms the second (smaller) aluminates peak (Figure 8a). This is due to the stimulation of the C3S 
reaction provided by CaCl2 [50], leading to an increase of the rate of formation of inner product C-S-H 
[56]. These results are in general agreement with previous observations on mortar systems with a similar 
composition [21]. The heat release for calcium chloride systems is higher during the first 48 h compared 
to the reference FA-1 and FA-2 systems (Figure 8b). Thus, higher compressive strengths could be 
expected during this period. In addition, the difference disappears during the third day of hydration, 
which again is consistent with the fact that no significant differences in compressive strengths of 
mixtures containing calcium chloride and the other systems were observed at 3 d, and where CaCl2 
systems had lower strengths at 7 d. While the CaCl2 acceleration mechanism is still not fully understood, 
this behavior may be caused by a quick filling of the capillary pores with a more porous C-S-H having 
loosely incorporated water [36], which would reduce the space available to form additional hydration 
products at later ages.  
 

 
Figure 8. Isothermal calorimetry results for mixtures incorporating HSFA and calcium chloride, a) heat flow versus 
time and b) heat release per unit volume of water. 
 

c) Fly ash pre-washing 
 
Isothermal calorimetry measurements on systems containing pre-washed FA are presented in Figure 9. 
The effect on hydration kinetics is similar to that observed when using LS or FLS. The hybrid system 
containing pre-washed FA and FLS exhibits an even greater acceleration, in agreement with the 
additional shortening of setting times. Heat release of pre-washed FA systems is higher than those of 
FA-1 and FA-2 during the first 36 h of hydration, but similar at 3 d. This suggests that while the pre-
washing may reduce the initial setting retardation effect of FA, after the formation of the first percolated 
structure, the strength development is dominated by the same hydration reactions as those present in 
the non-treated systems. 
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Figure 9. Isothermal calorimetry results for mixtures incorporating HSFA and pre-washed ashes, a) heat flow 
versus time and b) heat release per unit volume of water. 

 
In order to contrast the kinetic data gathered by isothermal calorimetry with setting time measurements, 
two hydration time markers were compared with setting times. First, the time required for a total heat 
release of 50 J/mL water was selected, is it was observed to be a good indicator of the hydration during 
the first 12 h for all the systems studied. As this selection was based on the data of the systems studied 
and may be arbitrary to be extended to different FAs, the time of the first (silicate) peak was also used. 
Both comparisons are shown on Figure 10. As observed, both markers correlate linearly with setting 
times. Thus, the effect of the acceleration strategies on setting can be assessed using data gathered from 
isothermal calorimetry, if the same w/s ratio is used among them. This also shows that, for a given w/s, 
setting time is a function of the initial rate of reaction of silicates and the time elapsed before the 
acceleration of the silicates’ reaction starts (length of the induction period).  
 

 
Figure 10. Comparison between Vicat setting time and relevant hydration time markers determined from 
isothermal calorimetry.  
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5.5 SEM microscopy 
 
5.5.1  High resolution SEM  
 
Micrographs of a non-HSFA sample that was analyzed as a reference, and both FA-1 and FA-2 used in 
this study are shown in Figure 11. It can be seen that the reference FA sample (Figure 11 top) is mainly 
composed of the typical spherical particles, surrounded by irregularly shaped crystals of quartz. The 
surface of the spheres appears free of large impurities and the particles remain isolated from one 
another, which explains the pseudo-fluid aspect of this FA when manipulated.  
 
The microstructural morphology of FA-1 and FA-2 (Figure 11 middle and bottom, respectively) differs 
significantly from the one observed in the reference FA. In this case, spherical particles appear 
surrounded and highly intermixed with an irregularly shaped phase. EDS analysis identified these regions 
as a mixture of hannebachite, the calcium sulfite compound identified in the HSFA samples, calcite, and 
portlandite. While this material is observed in all the of the FA images, the spherical particles are still 
identifiable, suggesting a strong intermixing of the two solid phases but not a chemical combination of 
them. This is consistent with the powders’ bimodal PSD (Figure 2). By observation, the population of 
finer particles is associated with the irregular shaped particles surrounding the second and larger 
population of spherical FA particles.   
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Figure 11. HR-SEM micrographs of non-SO3 rich reference FA (top), FA-1 (middle) and FA-2 (bottom) samples. 

 
5.5.2 EDS Mapping 

 
Using the EDS data collected from the polished sections of the reference FA and FA-2, ternary frequency 
plots were constructed using the methodology proposed in [6]. This representation proved to be more 
useful than raw elemental maps to identify populations of chemical composition present in the different 
samples analyzed, and also to identify differences in the composition of the amorphous fraction of FA, 
which cannot be studied by XRD. The classical Al-Si-Ca diagram was computed, and an additional S-Mg-
Ca plot was included to assess the nature of the SO3-rich phase.  
 
Figure 12 shows the ternary frequency plots for the reference non-SO3 rich FA (top) and FA-2 (bottom), 
which is taken as an example of both HSFAs studied (as the same trends were observed between them). 
It can be observed that the composition of the amorphous phase in the reference FA falls in the region 
of silicate and alumino-silicate regions, as defined in [6]. No compositional populations towards calcium 
rich phases are observed, which is consistent with the chemical composition of a Class F fly ash [2], which 
was confirmed as well by XRF under the requirements of ASTM C618 [26]. The S-Mg-Ca ternary diagram 
of this sample shows that the sulfur-rich regions are not associated with cations such as calcium or 
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magnesium.  Therefore, it is most likely to be attributed to sulfur present in unburnt coal particles 
present inside the FA.  
 
In the case of FA-2 (Figure 12 bottom), the primary composition is still located in the alumino-silicate 
region. This reinforces the observation made based on HR-SEM micrographs, where it was observed that 
the two solid phases are intermixed but not combined. Thus, the population corresponding to the 
spherical FA particles remains located in the same region of the Al-Si-Ca ternary diagram. In this case, 
particles moving towards a high calcium content are also observed, being consistent with the expected 
composition of a Class C fly ash [2]. These particles correspond to hannebachite, calcite and portlandite. 
The S-Mg-Ca ternary diagram shows a large population of particles of calcium-sulfur intermixed 
composition. This is consistent with the mineralogical nature of the SO3-rich phase identified by XRD in 
this sample (hannebachite). 

 

  

  
Figure 12. Al-Si-Ca and S-Mg-Ca ternary frequency plots of a non-SO3 rich FA (top) and FA-2 (HSFA, bottom) used 
in this study. The scale on each diagram is adjusted so that the lower value is represented by dark blue and the 
highest by yellow.  
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6. Conclusions 
 
This paper is part of a study focused on assessing the feasibility to incorporate fly ashes with high levels 
of SO3 impurities in cement-based materials. In particular, this study focused on the setting retardation 
observed with these fly ashes, and the different acceleration strategies that were explored. It was shown 
that the SO3-rich compounds in the fly ashes do not correspond to calcium sulfate (gypsum), but rather 
to a reduced form of this compound (calcium sulfite, or hannebachite). Therefore, new opportunities for 
research on these materials are conceived, because the solubility of calcium sulfite is much lower than 
that of calcium sulfate, and the reactions between this compound and cement phases have not been 
previously described.  
 
Based on the results of this study, it can be concluded: 
 

1. The SO3-rich phase (calcium sulfite) is present as separate and smaller particles that are distinct 
from the larger FA spherical particles in HSFAs, suggesting that calcium sulfite precipitates in a 
different stage of the combustion process. These two particle populations are intermixed to give 
the powder a bimodal particle size distribution. This could open a feasible scenario for the 
application of particle separation techniques such as sedimentation and air separation to exclude 
the SO3-rich phase. 

2. Thermogravimetric analysis proved to be a reliable tool to estimate the SO3 content of HSFA. It 
offers a faster and almost preparation-free alternative to the traditional XRF analysis. 
Furthermore, performing the analysis in the recommended temperature range of 300 °C to 
400 °C may allow one to obtain results from a simple mass balance and furnace setup, equipment 
available in almost any characterization laboratory, and presents a new opportunity for field 
assessment of HSFA.  

3. Limestone powder, calcium chloride, and fly ash pre-washing all proved to be somewhat effective 
in accelerating the initial setting time. Among these strategies, the combination of limestone 
powder and fly-ash pre-washing may offer a sustainable and inexpensive methodology in 
compliance with chloride restrictions for reinforced structures. Nevertheless, when allowed, 
calcium chloride may also be employed as an effective setting accelerator for these systems.  

4. Isothermal calorimetry showed that the retardation in setting is explained by an extension of the 
induction period in systems containing HSFA. Limestone powder and fly-ash pre-washing 
accelerate the setting of the mixtures by shortening this extended induction period, while the 
effect of calcium chloride appears to be dominated by the activation of the silicates’ reaction, 
observed as an amplification and acceleration of the first hydration peak.  

 
Studies concerning phase assemblage, hydration kinetics, volumetric stability and durability are 
considered as future stages of this research project and are currently in ongoing development. These 
findings will be presented in forthcoming publications by the research team.  
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