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 Abstract Dissolution rates of two very pure limestone samples were measured experimentally by means of the pH-stat method under conditions where mechanical stirring did not affect the rates considerably. The experimental results were modeled mathematically by considering the surface
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 areas of the particles changing dynamically through the reaction; moreover, a surface factor was introduced in order to account for the non-sphericity of the particles. The surface areas were measured by means of gas adsorption and by particle size distribution (laser diffraction). Liquidphase concentrations were measured by inductively coupled plasma optical emission spectrometry (ICP-OES), and surface compositions were measured by X-ray spectroscopy (EDX). Furthermore, scanning electron microscope (SEM) images of the samples are presented. Subsequently, an optimization model of a scrubber was developed by using the intrinsic parameters of the samples, which were determined experimentally. The optimization results indicate that up to 34-50% of the power required for milling can be saved by milling to a coarser particle size than the commonly used size of 44 µm, depending on the sample type. The present model of the lab-scale experimental study and the optimization model can be employed to estimate the actual impact that using different types of raw material would have in the operation of a wet flue gas desulfurization scrubber.
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 Introduction Sulfur dioxide emissions are well known to be harmful for the environment as well as being detrimental to human health; therefore, the control of SO2 emissions is of paramount importance. Emission regulations have been in place since at least the 1980s, and it has been predicted that the regulations will become stricter. Important amounts of SO2 will still be produced industrially, since it is quite improbable for investments and developments in fossil fuel technologies to decrease in the near future.1 A wide variety of methods for sulfur dioxide abatement are found in the industry, out of these, wet flue gas desulfurization (WFGD) has been regarded as one of the most widely applied methods.2 It has been reported that approximately 87% of the worldwide industrial emissions of SO2 are controlled by means of WFGD scrubbers.3 This technology has proven successful mainly due to its high removal efficiency, which can be up to 95% or higher, 2 the low cost of the reagent (mainly limestone), and the production of gypsum with a potential market value.4 According to the International Energy Agency (IEA) report of 20135, in 2011 approximately 3700 TWh of electricity were produced by burning fossil fuels within the OECD countries. The power consumed by a WFGD scrubber can be up to 1.9% of the total power consumed in a 500 MWe power plant burning coal.6 Even though the WFGD technology has proven successful, it consumes important amounts of power, which can be estimated to be approximately 64.4 TWh within the OECD countries in 2011, by assuming an 87% presence of WFGD applications with 1.9% power consumption. This amount of power, even though approximated, is comparable to the household consumption of a single country, if it is considered that in 2013 the residential electricity consumption in Finland was 63.4 TWh according to Statistics Finland (http://www.stat.fi/til/asen/index_en.html). Therefore, the improvements in power efficiency within WFGD technologies are motivated when considering that the amount of
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 power required for reducing SO2 emissions worldwide (or at least in the OECD) is approximately equal to the power required by a country to provide electricity for residential purposes, including heating. It has been reported previously that one of the rate determining parameters of the SO2 absorption process is limestone dissolution.3,7 Moreover, limestone dissolution rate has been considered to be an important design factor of WFGD scrubbers since it affects the slurry alkalinity, the residence time in the lower section of the absorber and the SO2 mass transfer rate.8 Limestone dissolution has been previously studied for a wide variety of topics including acid water remediation, carbonate geological behavior or oil well acid-rock interaction.9 In addition to these topics, the dissolution of limestone for WFGD applications has also been widely investigated.3,7,10,11,12,13 The dissolution of limestone has been modeled in a wide variety of ways, one of the most commonly applied models has been the well-known shrinking sphere model,3,12,13,14 which assumes the particles to be smooth and have an ideal spherical shape. Kinetics of first-order has been considered with respect to the hydronium ions for low values of pH,10,15 furthermore, kinetics with an order of reaction approaching 1 has also been reported.16 The dissolution rate has been acknowledged to be dependent on the mechanical agitation of the slurry7,15,16 or on the rotational speed of the rotating disc.17 In such cases, it would be suggested, that the dissolution had been controlled by mass transfer. One of the products of limestone dissolution is carbon dioxide, as can be seen in equation (2); CO2 can influence the pH of the medium and therefore impact the limestone dissolution rate. It has been reported that the influence that CO2 has on the dissolution rate can be minimized or controlled by bubbling CO2 into the system,18 however, a second approach is to enhance CO2 desorption by means of bubbling air or nitrogen into the slurry.19 A wide variety of activation energies have been reported in the literature as a result of different experimental studies, under different
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 conditions, values ranging from 8.4 (kJ mol-1)15 up to 62.8 (kJ mol-1)20 have been found. Different values of the apparent activation energies have therefore motivated different conclusions regarding the dynamic roles played by chemical reactions on the surface of the particles and external mass transfer, depending on the experimental conditions such as pH. Generally, limestone has been regarded as being mass transfer controlled at low values of pH15,19 which has been supported by the low apparent activation energies of e.g. 8.4 (kJ mol-1)15 up to 19 ±4 (kJ mol-1).21 On the other hand, it has been reported that at higher value of pH, the dissolution is controlled by reactions on the surface which has been supported by higher apparent activation energies, e.g. values of 26.1 (kJ mol-1).13 Different studies regarding simulation and optimization of the WFGD process have been presented previously in the literature, for instance Olausson et al. (1993),22 developed a simulation model which allowed for the sizing and evaluation of a WFGD scrubber. A model was developed by Warych and Szymanowski (2001)23 which predicted how the different parameters of the process would influence the SO2 removal efficiency. Gutiérrez Ortiz et al. (2006)24 made an assessment of a pilot plant in order to evaluate how certain operating parameters such as liquid to gas ratio, pressure loss and calcium to sulfur ratio influenced the operation cost of the process. Hrastel et al. (2007)25 conducted an overall study for the cost optimization of WFGD scrubbers using calcite, the optimization was done in terms of comparing different equipment layouts and evaluating the impact in term of costs. Cristóbal et al. 2012, 26 utilized mixed integer nonlinear programming (MINLP) in order minimize pollution in coal combustion, by combining different technologies including flue gas desulfurization. In the present work an experimental approach was developed with the aim of minimizing the limitation of external mass transfer in limestone dissolution in order to estimate through detailed
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 mathematical modelling the kinetic parameters of two types of limestone samples. Particle size distribution (PSD) and specific surface area were implemented in the model by also considering the real surface areas measured by nitrogen adsorption. Subsequently, a surface factor was introduced which allowed the model to take the non-sphericity of the particles into consideration. Furthermore, the dynamic nature of the surface area was also implemented by linking the diameter of the particles to the change in concentration. Apparent activation energies were estimated and are expected to be independent of the system configuration. Furthermore, inductively coupled plasma optical emission spectrometry (ICP-OES) was used to measure selected points in order to confirm the assumed mechanism. Moreover, scanning electron microscopy (SEM) and X-ray spectroscopy (EDX) was used to analyze the solid samples before and after reaction. Furthermore, an optimization model was developed taking into consideration the kinetic parameters determined through experiment and modeling. The model is a non-linear programming NLP problem of a case-study WFGD scrubber, and it is able to predict how the power consumed in a scrubber is affected by certain parameters such as particle size, stirring speed and reactor temperature. The NLP problem was solved with a solver that ensured global optimality, also, a local solver was used and the solutions were compared.
 
 Materials and methods Two very pure samples were studied, one of which has been utilized as a sorbent for WFGD applications. The samples mainly contain the calcite mineral (trigonal rhombohedral) which has been confirmed by X-ray diffraction analysis (XRD).27 The most reactive sample, Wolica, is a sedimentary limestone from the Jurassic age (150 Ma), while the less reactive sample, Parainen, is a metamorphic limestone from the Proterozoic age (1900 Ma). The samples were crushed, ground and sieved with the 74-125 µm sieve sizes. The sample name and provenience, the
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 calcium and magnesium oxides composition, the total CaCO3 content and the sample densities are presented in Table S1 of the Supporting Information. The pH-stat method15 was employed in order to study the temperature dependence of the reaction rate constant in the laboratory scale in a semi-batch system. The experimental set-up is shown in Figure 1. The rate of reaction is evaluated from the rate of change of the volume of HCl which has been added to the reaction vessel.3,15,14,12
 
 Figure 1. Experimental set-up, pH-stat method. The dissolution of limestone was tested at temperatures ranging from 20 °C up to 60 °C, with intervals of 10 °C (± 1 °C). The effect of stirring on the reaction rate was evaluated and an optimal stirring speed of 1600 rpm was obtained under which no significant influence on the rate of dissolution was observed. The pH was chosen as 5.5 since it is a common value for WFGD scrubber operation, moreover, the typical scrubber temperature is below 60 °C.24,19,28,6 The value of pH was controlled within ± 0.1 units of pH with a pH controller (Hanna Instruments, HI 504).
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 The pH controller was connected to a pH electrode (double junction with a built-in reference and epoxy body VWR electrode) and the system was calibrated before every measurement with two standard pH buffers at pH 4.01 and 7.01 (HI 7004, HI 7007). The temperature was measured with a Pt-100 temperature sensor and controlled with an accuracy of ± 1 °C (Thermomix 1441 B. Braun). Particle size distribution (PSD) was measured by laser diffraction (Malvern Mastersizer 3000) with the application of the Mie Theory for light scattering. Furthermore, real specific surface areas were estimated by nitrogen adsorption at a temperature of -196 °C (Micrometrics TriStar 3000) by applying the Brunauer-Emmett-Teller (BET) theory.29 Images by scanning electron microscopy were taken before and after reaction as well as X-ray spectroscopy (EDX) measurements (LEO Gemini 1530 with a Thermo Scientific UltraDry Silicon Drift Detector (SDD)) which were used to estimate the calcium and magnesium surface compositions. Air was pumped into the system in order to reduce the influence of CO2 by desorption, at a rate of 4210 ± 50 (cm3/min). The reactor consisted of a 2 L glass beaker with 4 equally spaced stainless steel baffles, liquid height approximately equal to reactor diameter and a 4 pitch blade turbine with 45° inclination pumping downwards (PBT). The parameters for the reactor set-up configuration are presented in Table S2, of the Supporting Information, along with the power number (Np) which was obtained from the literature according to the present reactor configuration. 30 The experimental procedure consisted in suspending the solid particles (1 g) by mechanically stirring the 1.5 L of de-ionized water (the liquid load provides equal liquid height to reactor diameter). Subsequently, the experiment started by setting the pH controller to pH 5.5 and acid was added into the reactor, pH, temperature, and acid addition were recorded online. Selected samples were withdrawn from the experiments and filtered with a 0.45 µm pore filter (Acrodisc LC PVDF 25 mm), the concentration of calcium in the liquid phase was assessed by inductively coupled
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 plasma optical emission spectrometry (ICP-OES) (PerkinElmer Optima 5300DV) and compared to the predicted values. Calibration with a standard solution of ICQ-206 by Ultrascientific was performed. After the experiments, the samples were filtered with a slow-flow filter having a limit of 2.5 µm for particle retention; afterwards, the samples were dried for 12 h at 105 °C, before taking the SEM images and performing the EDX analysis.
 
 Results and discussions Evaluation of mass transfer The influence that stirring had on the reaction rate was evaluated for the most reactive sample (Wolica), as it has been previously reported,9 and is presented in Figure S1, in Supporting Information, along with the influence of air flow into the system. The results in Figure S1 (left) indicate that the influence that the input dissipated energy by means of mechanical stirring has on the dissolution rate diminished considerably after 1200 rpm. It can be seen from Figure S1 (left) that the change in the dissolution rate from 800 to 1000 rpm is greater than the change from 1000 rpm upwards even though an increase of 800 rpm. The stirring rate of 1600 rpm was chosen since it is evident that higher stirring speeds have little effect in the dissolution rate, therefore higher stirring speeds where considered unnecessary since it was also technically challenging to stir above 1800 rpm. The influence of purging with air can be assessed by the results in Figure S1 (right); thus, it can be considered satisfactory to purge at 4210 ± 50 (cm3/min) to ensure at least some CO2 desorption, however, no clear trend was found between purging and the dissolution rate. Kinetic modeling The influence of temperature in the dissolution rate is presented in Figure 2.
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 Figure 2. The effect of temperature on both samples, Wolica (left) and Parainen (right). The results presented in Figure 2 indicate that the dissolution rate is influenced by the temperature, as expected.9 On the other hand, the rate is also dependent on the type of sample, i.e. the Wolica sample is more reactive than the Parainen sample. Limestone dissolves in acidic conditions according to, + − CaCO3(s) + H(aq) ↔ Ca2+ (aq) + HCO3(aq)
 
 (1)
 
 + HCO− 3(aq) + H(aq) ↔ H2 O(l) + CO2(aq)
 
 (2)
 
 The second reaction has been acknowledged to be slow,31 thus the rate determining step (rds) is assumed to be reaction (1). The rate of reaction per surface area for reaction (1) can be expressed according to,15,32 𝑅 = 𝑘+1 ∙ 𝑎𝐻 + ∙ (1 −
 
 𝑘−1 𝑎𝐶𝑎2+ 𝑎𝐻𝐶𝑂3− ) 𝑘+1 𝑎𝐻 +
 
 (3)
 
 From the equilibrium of reaction (1), 𝑒𝑞
 
 𝑎𝐻 + =
 
 𝑎𝐶𝑎2+ 𝑎𝐻𝐶𝑂3− 𝐾𝑒𝑞
 
 (4)
 
 Considering that Keq=k+1/k-1, thus, after substituting equation (4) in (3),
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 𝑅 = 𝑘+1 ∙ (𝑎𝐻 + − 𝑎𝐻 + )
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 (5)
 
 The rate of reaction (mol/L s) can be obtained as r=R*SA, where SA (m2/L) is the surface of reaction per volume ratio, and by approximating the activity coefficient to 1, 𝑒𝑞
 
 𝑟 = 𝑘𝑟 ∙ 𝑆𝐴 ∙ (𝑐𝐻𝑠 + − 𝑐𝐻 + )
 
 (6)
 
 𝑒𝑞
 
 where 𝑐𝐻𝑠 + and 𝑐𝐻 + are the surface and equilibrium concentrations respectively (mol/L). In order for the reaction to occur, the hydronium ions need to reach the surface, therefore 𝑟 = 𝑘𝑙 ∙ 𝑆𝐴 ∙ (𝑐𝐻∞+ − 𝑐𝐻𝑠 + )
 
 (7)
 
 where, 𝑐𝐻∞+ is the hydronium ion concentration in the bulk (mol/L). After summing equations (6) and (7),33 𝑒𝑞
 
 𝑟 = 𝑘𝑡𝑜𝑡 ∙ 𝑆𝐴 ∙ (𝑐𝐻∞+ − 𝑐𝐻 + )
 
 (8)
 
 where ktot (L/m2·s) is defined as,33,34 𝑘𝑡𝑜𝑡 =
 
 𝑘𝑙 𝑘𝑟 𝑘𝑙 + 𝑘𝑟
 
 (9)
 
 The surface area can be calculated according to, 𝑆𝐴 = 𝑆𝑆𝐴𝑟𝑒𝑎𝑙 ∙ 𝑀𝑀𝑠 ∙ c𝑠
 
 (10)
 
 where cs is the solid concentration (mol/L), SSAreal is the actual specific surface area of reaction (m2/g) and MMS is the solid molar mass (g/mol). The estimation of SSAreal accounts for the non-sphericity of the particles and it is derived below. When considering concentrations, with the activity coefficients approximately equal to 1 and the activity of the pure solid equal to 1,35 equation (4) can be re-written according to, 𝑒𝑞
 
 𝑐𝐻 + =
 
 𝑐𝐶𝑎2+ 𝑐𝐻𝐶𝑂3− 𝐾𝑒𝑞
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 The concentration of HCO3-, 𝑐𝐻𝐶𝑂3− , is assumed constant, thus, a pseudo equilibrium constant Ceq is defined and the rate for the dissolving particles is rs=-r, 𝑟𝑠 = −𝑘𝑡𝑜𝑡 ∙ 𝑆𝑆𝐴𝑟𝑒𝑎𝑙 ∙ 𝑀𝑀𝑠 ∙ c𝑠 ∙ (𝑐𝐻∞+ − 𝑐𝐶𝑎2+ ∙ 𝐶𝑒𝑞 )
 
 (12)
 
 where Ceq=𝑐𝐻𝐶𝑂3− /Keq. In the literature, other forward reactions are also considered,15,34,36,37 and furthermore, the rate has been acknowledged to be proportional to 𝑐𝐻𝛼+ where ∝ can be 0.9
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