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ABSTRACT 
In this master thesis work calcination parameters' impact on the resulting quicklimes slaking reactivity is 

investigated. This is done by calcination of three different sedimentary limestones in an N2 atmosphere 

according to a design of experiment matrix. The limestones are from Wolica Poland, Slite Sweden and Jutjärn 

Sweden. The temperatures and residence times are varied between 1000ºC, 1050ºC, and 1100ºC for 5 min, 

27.5 min, and 60 min. There were seven experiments per limestone sample. The calcination experiments were 

conducted in an electrical muffle furnace. 

 

When the limestone samples were calcined, the resulting quicklimes slaking reactivity was tested according 

to standard SS-EN 459-2:2010 Building lime - Part 2: Test methods. Four different parameters were used to 

determine the slaking reactivity, these were the maximum temperature, how much the temperature increases 

under the initial 30 s, the time it takes for the temperature to reach 60ºC, and the time for the slaking to become 

80% finished. 

 

From the slaking reactivity experiments, the calcination parameters to produce the most reactive quicklime 

for the limestone from Wolica and Jutjärn are 1000ºC for 60 min, and for the limestone from Slite 1100ºC for 

5 min. For all three limestones the least reactive quicklime was received by calcining at 1100ºC for 60 min. 

The most and least reactive quicklimes were analyzed in SEM, where it could be seen that the least reactive 

quicklime samples were coarser compared to the most reactive samples. Depending on what slaking reactivity 

parameter is of interest, the calcination settings should be different and can be an indication for operation 

parameters for industrial kilns. The statistical analysis on the experimental model showed that the experiment 

had a poor statistical fit for most of the experiment. This could be due to that the model possibly was too 

simple to describe the calcination parameters complex impact on the slaking reactivity. 
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1. INTRODUCTION 
With an increase in global warming due to emissions of greenhouse gases, the matter of reducing these 

emissions has developed into one of the most pressing and urgent challenges in our society. And as a 

result, the question of how is one of the most important questions in modern engineering. 

 

Quicklime is an industrial bulk product, and is used in many industrial applications, e.g. steel production, 

or paper and pulp industry [1][2], the slaking reactivity is one of the main parameters in determining the 

quicklimes quality [3]. 

 

Quicklime is produced in industrial kilns, where limestone is heated to calcination temperatures by the 

combustion of fuels [1]. In quicklime production, carbon dioxide emissions originate in the calcination 

process, seen in the chemical reaction (i), and in the combustion of fossil fuels used to supply sufficient 

heat to sustain the calcination processes. So, to reduce emissions a shift in the production process is 

needed, as meanwhile the quality of the product is ensured. One option to lower the emission of carbon 

dioxide from the processes is to replace the combustion of fossil fuels with biofuels or electrical heating 

with renewable electricity. 

  

This master thesis aims to experimentally find the impact of calcination temperature and time in an N2-

atmosphere on quicklime slaking reactivity. This will be done by calcination of selected limestone 

samples in an electrical muffle furnace. Additionally, the slaking reactivity of these samples will be 

determined to see how the different calcination conditions affect the product reactivity.  
 

1.1 CALCINATION PROCESS 

The main component in limestone is calcite (CaCO3). Dolomite (CaMg(CO3)2) as well as impurities 

composed of different compounds comprising of Si, Al, Fe, and other elements, can also be found [4][5]. 

Calcination of limestone is an endothermal process where limestone decomposes to quicklime composed 

mainly of CaO, also known as lime, and carbon dioxide [6] according to reaction (i): 

  

 𝐶𝑎𝐶𝑂3(𝑠) ⇌  𝐶𝑎𝑂(𝑠) + 𝐶𝑂2(𝑔) (i) 

 

Calcination of calcite in air occurs typically at temperatures below 900ºC, dolomite calcinates at a lower 

temperature around 700ºC [7][8]. The chemical reaction (i) is at equilibrium when the CO2 partial 

pressure reaches the equilibrium pressure, and hence the reaction is favored by a lower CO2 pressure [9]. 

A high partial pressure of CO2 in the calcination atmosphere increases the calcination temperature and 

slows down the process [10][11][12][13][14]. In calcination atmospheres with pure oxygen or nitrogen, 

calcite decomposes around 700ºC [11][15]. Furthermore, L. Wang et al. 2019 have shown that, with an 

increase in the calcination temperature, the grain size and pore diameter will become larger in the 

resulting CaO. With prolonged calcination times, the CaO grains will recrystallize and grow while the 

micropores disappear and the structure of CaO will become denser and the specific surface area will 

decrease. The CaO porosity will increase first and then decrease with the calcination time. With a peak 

value that will be reached when the limestone is completely decomposed [16].  

 

Impurities in the limestone, such as Fe, Al, Na, and K, have been shown to accelerate sintering and grain 

coarsening, resulting in a lower specific surface area of the produced quicklime [17][18]. 

 

Maya et.al 2018 have shown that high calcination temperature and high CO2 partial pressure will 

intensify the sintering of CaO which results in a reduction of diffusivity of CO2 through the product 

layer. As the particle size of the carbonate reactants gets larger the rate of conversion slows down, since 

the distance for the diffusion of CO2 increases. Furthermore, the amount of CO2 inside of the product 

layer increases the sintering rate more than the impurity content [19].   

 

Some studies have been conducted on the effect of water vapor on calcination, where it is shown that the 

presence of water vapor during CaCO3 calcination can lower the calcination time, but on the other hand, 

it seems to increase the sintering of the resulting CaO [20][21][22]. These studies are mainly on limestone 

calcination when it is used for sulfur capture in combustion processes.
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There is not an agreement on the decomposition mechanism of CaCO3, the most common theory of the 

decomposition is that shown in reaction (i). One hypothesis that was first proposed in 1958 by Hyatt 

et.al, and then later in the last decade by Valverde et.al 2015, comprises that the surface molecules 

calcinate first whereafter a reaction front moves inwards towards the particle core. The original 

molecules of CaCO3 decompose to a metastable CaO*, while they release CO2, according to reaction 

(ii). The resulting metastable CaO* crystals have a similar structure to the CaCO3 molecules. The 

metastable CaO* is transformed into stable cubic CaO exothermically according to reaction (iii). The 

active group of CaO* is proposed to work as bridges between layers of the stable cubic CaO and the 

decomposing CaCO3. Depending on the CO2 partial pressure and calcination temperature the metastable 

CaO* can be either transformed into the stable cubic CaO or back to CaCO3 [13][14][23]. 

 

 𝐶𝑎𝐶𝑂3(𝑠) ⇌ 𝐶𝑎𝑂∗(𝑠) + 𝐶𝑂2(𝑔) (ii) 

 

 𝐶𝑎𝑂∗(𝑠) ⇌ 𝐶𝑎𝑂(𝑠) (iii) 

 

When CaO* changes to stable CaO a new site of CaCO3 will be available for the calcination reaction 

[13][19][23]. The activity of the metastable CaO*decreases as the calcination temperature increases at 

CO2 partial pressures near equilibrium [13][14]. The Van der Waals attractive forces between CaO* 

nanocrystals are enhanced by absorbed CO2 molecules. The desorption of CO2 molecules is hindered at 

higher CO2 partial pressure. This will result in agglomeration of these metastable nanocrystals and will 

give rise to larger size crystallites of the stable CaO phase [14]. 

 

Another hypothesis, proposed by L’vov et al., is the decomposition of calcium carbonate as gaseous CaO 

and CO2 with simultaneous condensation of low-volatility CaO molecules [24], according to reaction 

(iv):  

 

 𝐶𝑎𝐶𝑂3(𝑠) → 𝐶𝑎𝑂 (𝑔) ↓ +𝐶𝑂2(𝑔) (iv) 

 

This approach to the calcination process is called the third law method.  

 

1.2 LIME SLAKING REACTIVITY 

The slaking of quicklime is the exothermal process where CaO reacts with H2O and energy is released 

[25]. The rate of temperature increase can be a factor to estimate quicklime reactivity [26][27]. This 

reaction occurs according to reaction (v): 

 

 𝐶𝑎𝑂(𝑠) + 𝐻2𝑂(𝑙)  → 𝐶𝑎(𝑂𝐻)2(𝑠) (v) 

 

Limestone calcined under higher CO2 partial pressure will result in lower reactivity of the quicklime 

since the higher partial pressure of CO2 lowers the surface area of the resulting quicklime [14]. With 

higher calcination temperatures, coarser lime particles are formed. The size of the specific surface area 

is a reliable factor to estimate quicklimes slaking reactivity [26]. When the CaO grains are smaller the 

reaction is accelerated [9].  

 

The chemical composition of the limestone affects the reactivity of the resulting quicklime. Ca-rich 

limestones have been shown to produce more reactive quicklime than limestone rich in Mg, even though 

the Ca-rich limestones result in a lower specific surface area quicklime [17]. During slaking Mg exhibits 

a hydration resistance compared with Ca [17][28], this due to MgO’s lower hydration kinetics than CaO 

[29][30][31].  

 

The slaking reactivity of quicklime is influenced by production and storage conditions, where high kiln 

temperatures during production, and air-slaking and carbonation during cooling and storage, can 

significantly decrease the reactivity [32]. 

 

The chemical composition of the water used for quicklime slaking has been studied by Leontakianakos 
et.al in 2016, and it was found that a higher concentration of chlorine in the water could have a positive 

effect on quicklime hydration. Furthermore, there is no significant difference between the use of distilled 

or naturally occurring water, and the sulfur content in the water has no significant effect [25].  
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1.3 DESIGN OF EXPERIMENTS 

The design of experiments is an approach for data collection. Where controllable variables called factors, 

in an experiment are purposely changed. The output of these factors on the system is measured and which 

factors contribute to the change in output can be determined [33]. The model is called factorial design 

where the parameters are varied, usually in two steps, a high and low magnitude relative to the 

experimental setup in respective parameter. The experimental design must ensure that the effect of the 

change in factors on the output (response) can be measured. When the varied parameters have two levels 

the number of experiments that are needed is given by 2k, where k is the number of varied parameters, 

followed by introducing three center points that are used to increase the significance of the model.   

 

In a factorial design, the different levels of the factors are varied such that the design tests all possible 

combinations, e.g., a two-parameter system with two levels needs 22 experiments and then three center 

points, i.e., seven experiments. In Figure 1, the varied different factors are X1 and X2, and the impact of 

these is determined by how they influence the response Y. These factors' impact is denoted by B [34]. 

 
Figure 1. Design of Experiment illustration, for a two-factor system 

The impact of the factors tested can be evaluated by summarizing the factors and their respective impact 

as seen in eq. (1): 

 

 �⃑� = �⃑� 𝑋 + 𝑒𝑟𝑟𝑜𝑟 (1) 

 

Where the impact B are showed in eq. (2): 

 

 �⃑� = 𝑏0 + 𝑏1 + 𝑏2 + ⋯+ 𝑏𝑛 (2) 

 

Where the impact is given by the experimental setup. From Figure 1 the following matrix can be set up, 

as seen in Table 1. 

 
Table 1. Experimental matrix, set up from figure 1. 

Experiment number X1 X2 Y 

1 - - Y1 

2 + - Y2 

3 - + Y3 

4 + + Y4 

5 0 0 Y5 

6 0 0 Y6 

7 0 0 Y7 
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From Table 1 the impact of the factors can be determined according to eq. (3): 

 

 
𝑏0 = ∑𝑌𝑖

7

𝑖=1

 
(3) 

  

Furthermore, the impact per parameter is determined by summarizing the response with the level of the 

parameter before it. So, for the parameter X1 the impact is determined according to eq. (4): 

 

 𝑏1 = −𝑌1 + 𝑌2 − 𝑌3 + 𝑌4 (4) 

 

Further, the determination of the impact of the other parameters is calculated the same way. To receive 

cross factors, i.e., X1X2, the different parameters are multiplied with each other. This to establish how 

the different parameters together have an impact on the response.    

 

ANOVA, analysis of variance, is a collection of different statistical methods to test hypotheses, that 

analyses the difference between variance and average value between different populations.  

 

2. MATERIALS AND METHODS 
The experiments were conducted in three steps, where limestone from three different locations was 

calcined in an N2-atmosphere, according to an experimental matrix. Then the slaking reactivity of the 

resulting quicklime was tested. The quicklimes that showed to be the most and least reactive were 

analyzed in a scanning electron microscope (SEM).   

 

2.1 LIMESTONE SAMPLES 

Three different sedimentary limestone samples were used for these experiments, one from Wolica 

Poland, one from Jutjärn Sweden, and one from Slite Sweden. The chemical compositions of these three 

sedimentary limestones are shown in Table 2.  

 
Table 2. Chemical composition of the limestone samples, as determined by XRF, and loss on ignition determined 

by thermogravimetric methods, in wt.-%. 

 Wolica Slite Jutjärn 

CaO 55.4 54.5 53.6 

SiO2 0.17 1.19 1.32 

MgO 0.36 0.51 0.77 

Fe2O3 0.11 0.31 0.17 

Al2O3 0.05 0.38 0.39 

Other (TiO, K2O, Na2O, MnO, P2O5) 0.01 0.59 0.45 

Loss on ignition (LOI) 43.9 42.8 43.3 

 

2.2 CALCINATION EXPERIMENT 

The setup for the calcination experiment is shown in Figure 2, an electrical muffle furnace of model 

Carbolite CWF 1200, where an external gas flow connection is pulled through the flue gas opening 

together with a thermocouple. The gas flow is regulated, by a Vögtlin red-y for N2 gas, mass flow 

regulator. 
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Figure 2. The laboratory setup for the calcination experiment. 

 

To determine the temperatures and times for the experiments a trial run calcination in an N2 -atmosphere, 

on 500 g limestone at 1000ºC for one hour, was performed with a thermocouple embedded in one of the 

limestones. The temperature data from the trial run is shown in Figure 3. From this initial calcination 

test, the times and temperature for the design matrix were set up, as shown in Table 3. 
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Figure 3. Limestone core temperature, calcination trial run, 1000C, 60 min, 10C/min in N2-atmosphere.  

 

Figure 3 shows that at 935ºC and 133 min the curve reaches a plateau until around 950°C and 150 min. 

The calcination of limestone is an endothermal process as seen in the chemical reaction (i), so the plateau 

is assumed to be when the calcination starts and ends. This is due to all the heat goes towards calcining 

the limestone and cannot raise the temperature of the stone further, until all the CaCO3 is calcined. To 

make sure that the limestones are fully calcined the experimental temperatures were determined to start 

at 1000°C for the experimental runs, and the isotherm times at the temperature were varied from 5 min 

to 60 min. 

 
Table 3. Values on the parameters that are varied for the experimental matrix for the calcination runs, in an N2-

atmosphere. 

Experiment # Time [min] Temperature [ºC] 

1 5 1000 

2 60 1000 

3 5 1100 

4 60 1100 

5 27.5 1050 

6 27.5 1050 

7 27.5 1050 

 

The limestone at a fraction of 5-10 mm was dried in a drying cabinet for 4 hours. For each experimental 

run, the dried limestones were weighted to 500 g ± 1 g, and a thermocouple was embedded to the core 

of one of the limestones. The sample was heated at a heating rate of 10 ºC/min with an N2 gas flow at 

3600 ml/min for the calcination atmosphere. The samples were calcined according to the settings shown 

in Table 3, and the timing of the experiment was started as the temperature in the core was 20ºC under 

the set temperature. When the time was up, the muffle furnace was manually shut off.  After calcination, 

the samples were cooled overnight by natural convection with an N2 gas flow of 1600 ml/min.  
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2.3 LIME SLAKING REACTIVITY EXPERIMENT 

The slaking reactivity setup shown in Figure 4, is made by a press drill that is modified to fit a dewar 

vessel underneath. The stirrer shown in Figure 5 is made of stainless steel according to the standard used 

[35].  

 

For the temperature measurement, a thermocouple of type K is used together with a PICO TC-08 data 

logger. 

 

 
Figure 4. Slaking reactivity test rig. 
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Figure 5. Stirrer, for slaking reactivity test rig. 

For the slaking reactivity test, defined amounts of water and quicklime of 600 g and 150 g respectively, 

were mixed with automatic stirring of 300 rpm, in an isotherm Dewar vessel where the temperature was 

measured at a 0.5 s interval. According to the standard used, SS-EN 459-2:2010 Building lime - Part 2: 

Test methods [35], the maximum temperature (Tmax), the time to reach 60ºC (t60), the time to reach 80% 

of full hydration (tu), and how much the temperature increases under the initial 30 s (ΔT30), is used as 

different parameters to classify quicklime slaking reactivity.  

 

The temperature measured was plotted as a function of time to receive a wet slaking curve. The 

parameters to determine the slaking reactivity were taken from the wet slaking curve. The slaking 

reaction is assumed to be complete when Tmax has been reached. At the time tu the temperature Tu in 

degrees Celsius is defined, and can be calculated by eq. (5): 

 

 𝑇𝑢 = (0.8𝑇𝑚𝑎𝑥) + (0.2𝑇0)        [°𝐶] (5) 

 

Where Tmax is the observed maximum temperature, and T0 is the initial temperature. With the calculated 

Tu, the value of tu can be determined from the slaking curve [35].  

 

2.4 SCANNING ELECTRON MICROSCOPE 

The samples were prepared for SEM, by being molded in epoxy and polished to get a smoother surface. 

The morphology of the samples was analyzed by a Carl Zeiss Evo variable-pressure scanning electron 

microscope. The sample analysis was conducted at a low vacuum at 55 Pa, with a beam accelerating 

voltage of 15kV, and a probe current of 600 pA, and a backscattered electron detector was used for 

imaging of the quicklime samples. 

 

3. RESULTS AND DISCUSSION 
From the results of the trial run, shown in Figure 3, it was observed that the N2-atmosphere in the furnace 

did not lower the calcination temperatures as expected [11][28], this is probably due to imperfect gas 

flow through the furnace. The N2-gas flow was probably not able to transport away the CO2 released 

from the calcination. So, the CO2 partial pressure might have been built up inside of the limestone, hence 

the higher calcination temperature than expected.  

 

3.1  CALCINATION EXPERIMENTS 

From the calcination experiments for the three different samples, the initial weight and the weight after 

calcination was measured, and the percentual weight loss was calculated. This to determine the 

calcination degree. The weight loss results for the samples from Wolica are shown in Table 4. As can be 

seen from the calcination experiments, the weight loss is between 42-43%. The loss on ignition in Table 

2, is the total weight loss when heated up and it is here assumed to be the amount of CO2 being released 

from the calcination. The weight loss from calcination on the limestones from Wolica should be around 

44%. 
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Table 4. The weight loss from the calcination experiment on limestone from Wolica. 

Experiment # Weight before 

calcination [g] 

Weight after 

calcination [g] 

Weight loss [wt.-%] 

1, for 5min@1000C 500.9 291.0 41.9% 

2, for 60min@1000C 500.9 286.8 42.7% 

3, for 5min@1100C  500.0 287.4 42.5% 

4, for 60min@1100C  500.7 290.0 42.1% 

5, for 27.5min@1050C 500.2 290.4 41.9% 

6, for 27.5min@1050C 500.1 284.9 43.0% 

7, for 27.5min@1050C  500.4 290.0 42.1% 

     

The weight loss resulting from the experiments on the samples from Slite is shown in Table 5. The weight 

loss from the calcination experiments is between 42-43%. There is an outlier in experiment 6, that has a 

weight loss of 44%, this could be a result of some measurement errors in that experiment, or some 

variation in the sample material that was used. Furthermore, the weight loss that could be expected from 

this sample is around 43% as seen from the LOI data in Table 2. The majority of the samples from Slite 

are around this weight loss, but some are a bit lower in some cases such as experiment 1 and experiment 

2, but still in a reasonable range.    

 
Table 5. The weight loss from the calcination experiment on limestone from Slite. 

Experiment # Weight before 

calcination [g] 

Weight after 

calcination [g] 

Weight loss [wt.-%] 

1, for 5min@1000C 500.1 288.7 42.3% 

2, for 60min@1000C 500.0 288.1 42.4% 

3, for 5min@1100C  500.6 287.2 42.6% 

4, for 60min@1100C  500.5 286.0 42.9% 

5, for 27.5min@1050C 500.2 286.3 42.8% 

6, for 27.5min@1050C 500.2 280.0 44.0% 

7, for 27.5min@1050C  500.2 286.9 42.6% 

 

The weight loss resulting from the calcination experiments on the limestone samples provided from 

Jutjärn is shown in Table 6. The weight loss from the calcination experiment is between 42-43%. From 

Table 2, based on LOI data for the limestone from Jutjärn, the total weight loss from the calcination 

should be around 43%, and the samples from the calcination experiment seem to agree with the expected 

weight loss.     

 
Table 6. The weight loss from the calcination experiment on limestone from Jutjärn. 

Experiment # Weight before 

calcination [g] 

Weight after 

calcination [g] 

Weight loss [wt.-%] 

1, for 5min@1000C 500.5 285.8 42.9% 

2, for 60min@1000C 500.2 285.2 43.0% 

3, for 5min@1100C  500.0 286.8 42.6% 

4, for 60min@1100C  500.6 287.6 42.6% 

5, for 27.5min@1050C 500.2 286.7 42.7% 

6, for 27.5min@1050C 500.3 285.8 42.9% 

7, for 27.5min@1050C  500.0 288.3 42.3% 

 

The weight loss for the different experiments was compared with the estimated weight loss according to 

the loss on ignition, and it could be seen that the weight loss results from calcination experiments with 

the Wolica limestone, shown in Table 4, is around 1% under the theoretical weight loss. This could be 

due to some small carbonatization during the cooling process. Possibly some small amounts of CO2 were 

still in the limestone when the cooling started, and this could explain some small deviance from the 

theoretical value. Furthermore, in Table 5 the weight loss from the experiment on the limestone from 
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Slite showed that three out of seven experiments had a bit different weight loss than expected, i.e., 

experiment 1, 2, and experiment 6. For experiments 1 and 2 it could be due to some carbonatization 

during the cooling process. Both experiments 1 and 2 are calcined at lower calcination temperature at 

1000 ºC, there is a possibility that these limestones did perhaps not fully calcine. There is also a 

possibility of a mixture of both carbonatization and not fully calcining, which could impact the weight 

loss. For experiment 6 the weight loss is a bit higher than expected, this could be due to some variation 

in the limestone sample that was calcined. 

 

3.2 LIME SLAKING REACTIVITY 

The wet slaking curve for the seven quicklime samples produced from the Wolica limestone is shown in 

Figure 6. The selected parameters for the reactivity were determined from the wet slaking curve and are 

shown in Table 7. 

 

In Table 7 it can be seen that the most reactive quicklime, produced in experiment 2, was calcined for 60 

min at 1000ºC. The least reactive was the sample that was calcined for 60 min at 1100ºC, i.e., experiment 

4.  

 

Figure 6.The wet slaking curves from the quicklime samples produced from the Wolica limestone. 

 
Table 7. Slaking reactivity results for the quicklime produced from the Wolica limestone. 

 

In Figure 7Figure 7 the wet slaking curve for the quicklime samples produced from the Slite limestone. 

From the wet slaking curve, the selected parameters to classify the slaking reactivity for the quicklime 

samples produced from Slite limestone were determined, shown in Table 8. 

Experiment # t60 [min] tu [min] Tmax [°C] ΔT30 [°C] 

1, for 

5min@1000C 
0.14 0.17 75.26 53.16 

2, for 

60min@1000C 
0.11 0.13 76.8 57.58 

3, for 

5min@1100C 
0.22 0.25 78.0 58.2 

4, for 

60min@1100C 
0.48 0.59 76.8 42.1 

5, for 

27.5min@1050C 
0.18 0.21 76.95 56.43 

6, for 

27.5min@1050C 
0.11 0.16 77.3 53.58 

7, for 

27.5min@1050C 
0.13 0.15 79.03 55.98 
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As can be seen in both Figure 7 and Table 8, the most reactive produced quicklime sample from the Slite 

limestone is the one that has been calcined for 5 min at 1100°C, and the least reactive in three selected 

parameters for the reactivity is the one that has been calcined for 60 min at 1100°C. 

 

 
Figure 7. The wet slaking curves for the quicklime samples produced from the Slite limestone. 

 
Table 8. Slaking reactivity for quicklime samples produced from the Slite limestone. 

Experiment # t60 [min] tu [min] Tmax [°C] ΔT30 [°C] 

1, for 

5min@1000C 
1.77 1.91 73.77 17.3 

2, for 

60min@1000C 
1.11 1.30 79.44 25.89 

3, for 

5min@1100C 
0.70 0.86 80.45 35.03 

4, for 

60min@1100C 
2.91 3.30 78.88 16.34 

5, for 

27.5min@1050C 
1.58 1.81 79.16 18.78 

6, for 

27.5min@1050C 
1.61 1.61 75.84 23.19 

7, for 

27.5min@1050C 
1.22 1.31 77.84 25.55 

 

Figure 8 shows the wet slaking curve for the quicklime samples produced from the Jutjärn limestone. 

The slaking reactivity parameters for the quicklime samples were determined from the wet slaking curve, 

showed in Table 9. 

 

As can be seen in Table 9, the sample that was calcined at 1000ºC for 60 min, is the most reactive 

quicklime sample produced from the Jutjärn limestone. Furthermore, the least reactive quicklime from 

these quicklime samples was produced in experiment 7, which is a bit puzzling since it has been calcined 

the same way as experiments 5 and 6. This is probably due to some measurement error or variations in 

the limestone samples that were used. If the samples that were used in experiment 7 happened to be of 

lower calcite content, or that the morphology of these was more prone to sintering, this would affect the 

outcome of the reactivity test. Additionally, if excluding experiment 7, experiment 4 that was calcined 

for 60 min at 1100ºC, was the least reactive.  
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Figure 8. The wet slaking curves from the quicklime samples produced from the Jutjärn limestone. 

 
Table 9. Slaking reactivity for quicklime samples produced from the Jutjärn limestone. 

Experiment # t60 [min] tu [min] Tmax [°C] ΔT30 [°C] 

1, for 

5min@1000C 
0.57 0.71 74.32 39.51 

2, for 

60min@1000C 
0.49 0.50 74.4 41.54 

3, for 

5min@1100C 
0.80 1.13 76.94 29.46 

4, for 

60min@1100C 
1.44 1.99 76.70 19.47 

5, for 

27.5min@1050C 
0.86 1.33 76.88 28.27 

6, for 

27.5min@1050C 
0.50 0.70 76.30 42.21 

7, for 

27.5min@1050C 
1.58 1.31 74.58 18.74 

 

The slaking reactivity results show that the limestones from Jutjärn and Wolica become the most reactive 

when calcined at 60 min for 1000ºC. The limestone from Slite becomes the most reactive when calcined 

at 1100ºC for 5 min. The least reactive samples for all the limestones were calcined at 1100ºC for 60 

min.  

 

To the knowledge of the author, most of the previous studies on the calcination temperatures and times 

have been conducted at high CO2 partial pressures. The literature indicates that high temperature and 

high CO2 partial pressure lowers the reactivity of the resulting quicklime [14], and lower calcination 

temperatures increase the quicklime reactivity [26]. This is not the case with the quicklime produced 

from the Slite limestone, shown in Table 8, where the most reactive quicklime sample was from the 

experiment that was calcined at the highest temperature, i.e., 1100ºC. The time seems to influence the 

reactivity since the least reactive quicklime sample was also calcined at 1100ºC but for a longer time. 

The effect of calcination time has been investigated before [16], where prolonged calcination times were 

shown to sinter the quicklime. This could explain the result why longer times at 1100ºC lowered the 

reactivity.  

 

The quicklime in the experimental series on the Wolica limestone, shown in Table 7 is more reactive 

with a fast temperature increase in comparison with the other experiments, shown in Table 8 and Table 

9. This could be due to, as shown in Table 2, the fact that the limestone from Wolica had a lower amount 
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of magnesium and impurities in the original limestone, and more calcite. So, it should be expected to 

produce more CaO during the calcination. Thereof the reactivity should increase if we see to chemical 

reaction (v), and the fact that periclase has lower hydration kinetics than quicklime [29][30][31].  

 

3.3 SEM ANALYSIS 

The quicklime samples with the highest and lowest reactivity, from each different source, were analyzed 

in SEM, to determine if there were any differences in morphology.  

 

The morphology of the quicklime sample that was the least reactive, i.e., experiment 4, and the sample 

that was the most reactive i.e., experiment 2, produced from Wolica limestone is shown in Figure 9. The 

least reactive sample seems to be coarser in comparison with the most reactive. From the figure, it can 

be seen that in experiment 2 some clearer grains have started to form. Further, in experiment 4, the grains 

are more prominent and seem coarser.  

 

 
Figure 9. SEM pictures of quicklime samples produced from the Wolica limestone, (a) experiment 2 the most reactive 

sample, and (b) experiment 4 the least reactive sample. 

 

In Figure 10, the most and the least reactive on the quicklime samples produced from the Slite limestone, 

i.e., experiments 3 and 4 are shown. The difference between the most reactive and least reactive 

quicklime samples can be seen to be that experiment 4 has a coarser grain size compared to the more 

reactive quicklime experiment 3.  With coarser grain size in experiment 4, the specific surface area should 

be lower, which could explain the lower reactivity [9][26]. 

 

 
Figure 10. SEM pictures of quicklime samples produced from the Slite limestone. (a) experiment 3 the most reactive 

sample, and (b) experiment 4 the least reactive sample. 

 

In Figure 11Figure 11 two quicklime samples, the most reactive (a) and one of the least reactive (b), 

produced from Jutjärn limestone are shown. The morphology of the most reactive quicklime sample has 

small grains, and it could be observed that the sample has started to crack a bit. In (b), where the second 
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least reactive sample, i.e., experiment 4, is shown it can be seen that the cracks have “grown” and are a 

bit more prominent.  Further, the morphology seems to be coarser in experiment 4.  

 

 
Figure 11. SEM pictures of quicklime samples produced from the Jutjärn limestone. (a) experiment 2 the most 

reactive sample, and (b) experiment 4 the least reactive sample. 

 

In Figure 12 the quicklime sample produced from Jutjärn limestone that had the least reactivity and was 

one of the center points is shown. 

 

 
Figure 12.  SEM pictures of quicklime samples produced from the Jutjärn limestone, experiment 7, center point the 

least reactive quicklime. 

 

For all the experiment series, as shown in Figure 9 through Figure 12, a trend that can be noticed is that 

the least reactive quicklime samples seem to be coarser in comparison to the most reactive. This seems 

to agree with the literature [9][26][17]. The least reactive samples from all different sources are the 

samples that were calcined at 1100°C for 60 min. The longer calcination time could explain the coarser 

particle sizes that were observed for the least reactive samples. In Figure 11 the quicklime samples started 

to show cracks that got more prominent at higher temperatures and time. This could be a phenomenon 
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that comes from the calcination where the cracks come from the heat transfer and the release of CO2. In 

Figure 12 where experiment 7 from the Jutjärn limestone is shown, the sample was calcined at 1050ºC 

for 27.5 min and did not show any tendency to crack compared with the samples shown in Figure 11.The 

cracks that are observed in experiments 2 and 4, can therefore also be a result of the sample preparation. 

 

3.4 DESIGN OF EXPERIMENT MODEL ANALYSIS 

The experimental results were analyzed using the software MODDE 12, and the different outputs 

parameters that were taken as a measure of the slaking reactivity were used to construct four different 

response surface plots, for each different sample. 

 

In Figure 13, the response surface plot on the parameter ΔT30 on the experimental series on the samples 

from Wolica is shown. It can be observed that to receive a high temperature development in the initial 

30 s, the calcination settings should be either high temperature for a short time, or a low temperature and 

a long calcination time. Furthermore, to receive a low initial reactivity the temperature should be high, 

and the calcination time should be long, i.e., 60 min. 

 

 
Figure 13. Response surface plot on samples produced from Wolica limestone, for the parameter ΔT30. 

 

In Figure 14 the response of the parameter Tmax for the experiments conducted on samples from Wolica 

is shown. It can be seen that to receive as high maximum temperature as possible in the experiment, the 

calcination temperature should be high, around 1100ºC, and the calcination time should be kept short. 

To get a low maximum temperature for the quicklime samples produced for the Wolica limestone, the 

calcination temperature should be low and calcined for a short time.   

 

 
Figure 14. Response surface plot on samples produced from Wolica limestone, for the parameter Tmax. 

 

The response surface plot for the parameter t60 on the quicklime sample produced from Wolica limestone 

is shown in Figure 15. Here to receive high reactivity on this parameter the calcination temperature 

should be kept low, i.e., around 1000ºC, and the calcination time does not seem to impact the reactivity 
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and can be between 5-60 min. To get a long time to reach 60C, the calcination setting should be a long 

time at a high calcination temperature.  

 

 

Figure 15. Response surface plot on samples produced from Wolica limestone, for the parameter t60. 

 

The response plot for the reactivity parameter tu for the sample from Wolica is shown in Figure 16. It 

can be seen that to have the quicklime reach 80% of total slaking as fast as possible, the calcination 

temperature should be low at 1000ºC, and be calcined for 35-60 min.  To get a low reactivity for the tu 

parameter on the quicklime sample produced from Wolica limestone, the time should be long, and the 

temperature should be high.  

 

 
Figure 16. Response surface plot on samples produced from Wolica limestone, for the parameter tu. 

 

In Figure 17, the response surface plot for the reactivity parameter ΔT30 for the quicklime sample 

produced from Slite limestone is shown. To receive as high initial reactivity the first 30 s, as possible for 

the quicklime samples, the calcination temperature should be high, and the time kept short. For the 

quicklime sample produced from the limestone from Slite, to receive a low initial reactivity, the 

temperature should be high, and the calcination time should be long. 
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Figure 17. Response surface plot on samples produced from Slite limestone, for the parameter ΔT30. 

 

In Figure 18, the response plot for Tmax is shown for the quicklime sample from the Slite limestone. To 

get a high maximum temperature, the calcination temperature should be high and the time short. For the 

maximum temperature to be as low as possible for the produced quicklime sample, the calcination 

temperature should be high, and the time should be long.  

 

 
Figure 18. Response surface plot on samples produced from Slite limestone, for the parameter Tmax. 

 

The response surface plot for the reactivity parameter t60 for the produced sample from the Slite limestone 

is shown in Figure 19. If the time to reach 60ºC should be as short as possible, the calcination temperature 

should be high and the calcination time short. To get a low reactivity on the parameter t60, the calcination 

temperature should be high, and the time should be long.  

 

 
Figure 19. Response surface plot on samples produced from Slite limestone, for the parameter t60. 
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In Figure 20, the response for the reactivity parameter tu on the quicklime sample produced from Slite 

limestone is shown. To have as short tu as possible for this sample the calcination temperature should be 

high, and the calcination time should be kept short. Additionally, to receive a long time until 80% slaking 

the calcination temperature should be high and the time long.  

 

 
Figure 20. Response surface plot on samples produced from Slite limestone, for the parameter tu. 

 

The parameter ΔT30 ‘s response surface plot on the produced sample on Jutjärn limestone is shown in 

Figure 21. To receive a high initial reactivity for the first 30 s, for this sample series, the calcination 

temperature should be low, while the calcination time does not seem to impact so much, at least not for 

the settings used for the experiments. Furthermore, to receive a low initial reactivity, the time should be 

long and the temperature high.  

 

 
Figure 21. Response surface plot on samples produced from Jutjärn limestone, for the parameter ΔT30. 

 

In Figure 22, the response surface plot for the parameter Tmax for the produced quicklime samples on 

the Jutjärn limestone is shown. To be able to receive as high a maximum temperature as possible for 

the sample, the calcination temperature should be high, and the calcination time should be kept short. 

For the maximum temperature to be low for the produced quicklime sample, the calcination 

temperature should be short, and the temperature should be low.  
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Figure 22. Response surface plot on samples produced from Jutjärn limestone, for the parameter Tmax. 

 

The response surface plot for the produced quicklime sample on the limestone from Jutjärn reactivity 

parameter t60 is shown in Figure 23. To have a short time to reach 60ºC the calcination temperature 

should be low and the time between 30-60 min. Further, to get a low reactivity on the t60 parameter, the 

calcination temperature should be high and the time long. 

 

 
Figure 23. Response surface plot on samples produced from Jutjärn limestone, for the parameter t60. 

 

In Figure 24, the response surface plot for the reactivity parameter tu for the sample produced from Jutjärn 

limestone is shown. To receive as short a time as possible to reach 80% of total slaking the calcination 

temperature should be low, i.e., around 1000ºC. Furthermore, the calcination time should be between 35-

60 min. To get a low reactivity on tu the temperature should be high and the time for the calcination 

should be long. 
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Figure 24. Response surface plot on samples produced from Jutjärn limestone, for the parameter tu. 

 

The slaking reactivity for the quicklime samples produced from Wolica limestone require different 

calcination settings to receive as high reactivity as possible depending on which factor is looked at, as 

shown in Figure 13 through Figure 16. To receive a high maximum temperature and as high initial 

reactivity the first 30 s, the calcination temperature should be high, and the calcination time should be 

short in the context of the experimental setup, where 1000ºC is low and 1100ºC is high, and 5 min is a 

short time, and 60 min is a long time. 

 

Furthermore, to receive as short a time as possible to reach 60ºC and to reach 80% of total slaking, the 

calcination temperature should be low. To receive a short time to reach 80% of total hydration, i.e., a 

low tu, the calcination time should be longer together with the low calcination temperature. For the 

parameter t60 i.e., to have a short time to 60C, the calcination temperature should be low and calcination 

time does not impact the result. So, depending on what slaking parameter is of interest the calcination 

settings should be different.  

 

For the slaking reactivity on the quicklime sample produced from Slite limestone, shown in Figure 17 

through Figure 20. To reach a high slaking reactivity for all parameters, the calcination settings should 

be short time together with a high calcination temperature. Furthermore, to reach a low reactivity for all 

four different parameters for the quicklime samples produced from the Slite limestone, the calcination 

setting should be a high temperature for a long calcination time. 

 

The impact of the calcination parameter on the slaking reactivity for the produced quicklime sample from 

Jutjärn is shown in Figure 21 through Figure 24. Depending on which reactivity parameter is in question 

the calcination settings should be different. 

 

The results show that different calcination settings impact the slaking reactivity in different ways, for the 

samples from Wolica and Jutjärn, depending on what parameter is of interest the settings should be 

different. On the other hand, for the sample from Slite, the calcination parameters seem to agree for all 

four different reactivity parameters: to receive a high slaking reactivity the time should be short, and the 

temperature should be high. Important to keep in mind is that this only accounts for the setting 

investigated in this experiment. These differences in the results should be expected due to the complexity 

and non-linear relationship of limestone calcination and slaking reactivity, where many different factors 

play a part in the resulting quicklimes slaking reactivity.   

 

An analysis of variance (ANOVA) was conducted for all the samples slaking reactivity parameters, with 

the software MODDE 12. Where a linear regression and a lack of fit test were conducted, with the p-

value analyzed. The p-value should be less or equal to 0.05 to indicate statistical significance.  

 

In Table 10, the p-values for regression and lack of fit, received from ANOVA on the quicklime samples 

produced from Wolica limestone are shown. It can be seen that only the parameter ΔT30 for the Wolica 

sample, shows a statistical fit in the regression p-value. All the parameters had a lack of fit, except for tu, 
which was below 0.05 for the lack of fit, but over 0.05 for the regression.   
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Table 10. Values from ANOVA for slaking reactivity parameters on quicklime samples produced from Wolica 

limestone. 

Slaking reactivity 

parameter 

ΔT30 Tmax t60 tu 

Regression p-value 0.042 0.706 0.124 0.095 

Lack of fit p-value 0.157 0.689 0.071 0.045 

 

In Table 11, the p-values for regression and lack of fit, received from ANOVA on the quicklime samples 

produced from Slite limestone are shown. It can be observed that both the parameters t60 and tu are below 

0.05 for the regression.  

 
Table 11. Values from ANOVA for slaking reactivity parameters on quicklime samples produced from Slite 

limestone. 

Slaking reactivity 

parameter 

ΔT30 Tmax t60 tu 

Regression p-value 0.053 0.933 0.019 0.033 

Lack of fit p-value 0.719 0.284 0.464 0.278 

 

In Table 12, the p-values for regression and lack of fit, received from ANOVA on the quicklime samples 

produced from Jutjärn limestone are shown. It can be seen that no slaking reactivity parameter for the 

produced quicklime sample has any statistical fit.   

 
Table 12. Values from ANOVA for slaking reactivity parameters on quicklime samples produced from Jutjärn 

limestone. 

Slaking reactivity 

parameter 

ΔT30 Tmax t60 tu 

Regression p-value 0.602 0.296 0.548 0.108 

Lack of fit p-value 0.727 0.732 0.747 0.921 

 

From ANOVA on these sample series, shown in Table 10 to Table 12, it was discovered that most of the 

experiment models had too high p-values to be statistically certain. Where only tu for the quicklime 

samples produced from Wolica limestone showed no lack of fit. Further, only Slite t60, tu as well as 

Wolica ΔT30 had a good statistical fit for the regression.  

 

The poor statistical fit is not ideal and indicates that there is some problem with the experimental model 

that was used. Some explanations for this are that a two-factor model is probably a too simple model for 

this kind of experiment, where many different factors influence the reactivity of the quicklime. There are 

both time and temperature that were tested by the model. Also, factors such as the chemical composition, 

and the morphology of the limestone samples impact the calcination and the resulting quicklime. 

Furthermore, the model did only test each limestone sample once. An experimental procedure to receive 

a better statistical fit could be to test the different factors more than once e.g., to calcinate the samples at 

each setting at least three times. Another approach to improve the model could be to introduce more 

experimental points in the experimental matrix. The additional points should be a bit outside of the model 

that it is right now i.e., star points. So that more area of the experiment is covered. Additionally, one 

other possibility why the statistical fit is so poor could be some measurement errors during the slaking 

reactivity, or that something went wrong during the experiments, e.g., the thermocouple and data logger 

could have some problem with correct temperature logging. A further factor that could impact the end 

result, is that the water temperature at the beginning of each slaking experiment was not the same in 

every experiment and varied with around 2.5ºC. This could perhaps influence the results, e.g., the 

maximum temperature needed to be corrected.  

 

Even though the lack of fit and poor statistical model, the experiments can be seen more like a screening 

process. That is the results can indicate which calcination settings to produce the most reactive quicklime 

from each different sample, more than a statistical certainty.   
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4. CONCLUSION 
The impact of different calcination parameters on the quicklime product reactivity is complex. Several 

factors influence the product reactivity, such as heating rate, calcination atmosphere, and chemical 

composition. In this work, the calcination parameters that have been varied are time and temperature, 

and it could be seen that these parameters did impact the resulting quicklime reactivity. A commonality 

between the different samples is that depending on the desired product reactivity the calcination settings 

should be different. The results can be used as an indication for operational parameters for industrial 

kilns. The experimental matrix was found to be too narrow to give a statistical certainty, and the results 

presented in this work can be seen more like screening for future work.   

 

5. FUTURE WORK 
Some future work in this area could be to expand the design of experiment model to produce a more 

robust prediction of the calcination parameters' influence on the slaking reactivity. Furthermore, the 

experiment could be expanded by testing the calcination under different calcination atmospheres, e.g., 

CO2-atmosphere and normal air atmosphere. This to continue the investigation towards electrification of 

the calcination process. Other interesting work could be to try to produce very low reactivity quicklime, 

i.e., “dead-burned” quicklime, to compare the morphology of these with the quicklime that showed a fast 

reactivity from each sample.  
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