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Abstract: The goal of this work is to assess the application of ultrasonic power to the reactive
dissolution of limestone particles in an acidic environment; this would represent a novel method
for improving wet Flue Gas Desulfurization industrial systems. In this study a stepwise titration
method is utilized; experiments were done by using different particle size distributions with and
without the application of ultrasound. The use of ultrasonic power sensibly affected the reaction rate
of limestone and its dissolution; a major difference could be observed when samples from the Wolica
region in Poland were studied. In this case, the overall dissolution rate was found to increase by more
than 70%. The reactive dissolution of limestone does not follow the same mathematical model when
sonication is in effect; in this case, an extra Ultrasonic Enhancement Constant was introduced. It was
demonstrated that the dissolution is proportional to an Effective Reaction Surface and, therefore,
surface interactions should also be taken into consideration. For this purpose, a study is presented
here on the Z-potential and electrophoretic mobility of limestone samples measured in aqueous
dispersions by means of Laser Doppler Micro-Electrophoresis.

Keywords: limestone dissolution; flue gas desulfurization; mathematical modeling; Z-potential;
process design options

1. Introduction

There is an increasing concern about pollution and emissions in the world. The evidence
highlights the detrimental effects of air pollution on the environment and the health of living organisms.
Sulfur dioxide represents one of the most dangerous compounds released from the combustion of
sulfur-containing fuels like coal. As it is well known, sulfur reacts with oxygen during combustion and
SO2 is then released into the atmosphere causing serious problems to the environment and to living
organisms [1]. Coal can contain significant amounts of sulfur. For instance, in some regions of China,
there are types of coal which could contain over 10 wt% of the mentioned compound. This kind of
coal is considered to have a Superhigh-Organic Sulfur content [2].

Coal is still largely utilized for power production and its consumption is destined to increase
within the next years [3]. Despite the decrease in coal consumption, the coal resources in the world are
still considerably large and it is a common opinion that coal could inevitably be used and consumed if
no sustainable solutions are found for the increasing energy consumption. It has been estimated that
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the worldwide coal consumption as an energy source is expected to have a growth of 0.3% per year in
the next 25 years [4].

Currently, coal is mainly utilized in the large scale for power generation and the most utilized
method for Flue Gas Desulfurization, FGD, is the wet scrubbing process [5]. For this reason, Flue Gas
Desulfurization, FGD, plays a key role when coal-fired power plants are utilized. In fact, almost 90%
of the FGD units is constituted by wet FGD, WFGD, scrubbers [6]. Therefore, improvements proposed
to this technology, like in the case of this article, would represent an advance of primary importance to
reduce pollution and energy consumption.

A WFGD unit of a 500 MWe power plant can consume between two to three percent of its
produced power [7,8]. This means that an estimation of the total power consumed by wet FGD in
OECD countries can be up to 64.4 TWh in one year [9] and this could be comparable with the entire
energy consumption of a nation. Therefore, it is evident that an improvement in the WFGD process
technology will have an enormous impact in terms of the economy and environment. The WFGD
process consists of several physical-chemical steps. In the WFGD scrubber, SO2 is firstly absorbed by
means of reactive absorption and successive reactions take place in the so-called dissolution/reaction
tank of the system. Descriptions of the chemistry and physical-chemical steps can be found in the
literature [10].

In this process, the dissolution of limestone particles is the main determining step for the release of
calcium ions, Ca2+. Furthermore, in the literature, it has been reported as one of the main determining
steps in the overall abatement of SO2 [11]. In the overall process, there are two steps in which there is a
mass transfer among different phases: the SO2 absorption in the liquid slurry and the dissolution of
the solid limestone. Because of this, it is of utmost importance to study and to evaluate accurately the
kinetics related to the limestone dissolution in the formed acidic environment. Several studies have
been conducted in order to model the reactivity of limestone in these conditions. Often, the acidic
conditions have been simulated by using HCl solutions [12–17]. Additionally, a common method is to
carry out the experiments at conditions that simulate the steady state industrial process and, therefore,
the pH is maintained approximately constant [9,18,19].

The mathematical modeling of limestone dissolution has been performed for diverse systems
and diverse configurations. For instance, models were provided for limestone dissolution from a
plane surface [16] or from rotating cylinders [20]. Considering that, instead, particles suspended
under mechanical agitation can dissolve in acidic slurries at constant or varying pH values [2,21].
In each of these systems, approximations are necessary in order to obtain analytical or numerical
solutions to the problem at hand. A common approximation is made regarding the mass transfer
rate of hydronium ions to the surface of the reaction: when the stirring is sufficient, the mass transfer
rate terms are neglected from the balance equations since it is assumed that the convective mass
transfer is not the limiting step in this process. On the other hand, mass transfer limited limestone
dissolution studies have been reported where the kinetics is assessed and the evidence indicates the
dissolution rate dependence on the degree of agitation [11,22]. The purity and composition of the
limestone samples should also be considered; limestone particles are not the same in all cases, there
are differences in their structure, crystal shape, composition, amount of impurities. An approximation
in this sense is to consider a particle as “pure” or “not pure”, and this will allow for considering the
particle as a Bernoulli random variable. In case the amount of impurities is known, then the number of
particles required to obtain the wanted confidence interval on that proportion of impure sample can be
calculated by an approximated statistical method [2].

Because it would be beneficial to improve the technology in terms of design, operating parameters,
or physical conditions, some process parameters need to be optimized. One problem is the estimation
of the minimum stirring velocity at which the complete suspension of all the particles occurs; therefore,
studies have been conducted by using diverse methods and technologies [23]. In addition, CFD
modeling is also applied for this purpose [24]. Another problem is the degree of grinding for the
limestone in order to achieve a reasonable dissolution rate. The grinding should be minimized in order
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to consume less power; on the other hand, the solid-liquid mass transfer rate should be maximized
by having a sufficient surface of reaction. Because of this reason, optimization studies have been
performed on the WFGD process [9].

When studying the reactive dissolution of solid particles, mass transfer phenomena and the
intrinsic reactivity of the samples play key roles. This is naturally valid during limestone dissolution.
A general description of the mass transfer rate for the diffusing element is given by Equation (1) [25]:

dCa

dt
= −r +

〈kc〉·S
V
·(Cai − Ca) (1)

where r stands for the reaction rate, <kc> is the average mass transfer coefficient, S is the surface of
the reaction, V is the volume of the reactor and Ca, Cai are the concentrations of the diffusing element
(on which the mass balance is done) in the bulk solution and at the solid-liquid interface respectively.
The reaction can be of different orders, for instance, for limestone dissolution in an acidic environment
is reported to be of the first order [26], the second order [27], and also estimated to be of an order
between 0.9 and 1 [22].

Analytical solutions for first, second and also for the third order of reaction are reported in the
literature [10]. The mass transfer rate for multiphase systems is commonly modeled considering that
the dissolution (mass transfer) rate is directly proportional to the contact surface, to a difference in
concentration considered for the diffusing element, to a diffusivity term, and to a mass transfer constant
(also known as the mass transfer coefficient) which is related to the estimation of a Sherwood number.
An accurate mass transfer coefficient estimation is an important step in several problems of diffusion
in multiphase systems and computational fluid dynamics. This parameter is related to the geometry,
configuration, and the degree of mixing for the system at hand [28]. The mass transfer coefficient can
be affected by the type of configuration itself and the flow conditions. It is well known that turbulent
conditions enhance the mass transfer rate and this can be affected also by other parameters, depending
on the technology used to enhance the dissolution.

Limestone dissolution rate is affected by pH and it increases at low pH values. The addition of
acids to the reaction tank of the WFGD system has been proposed in this regards; one example is
the use of waste acids from organic compounds, for instance, acetic acid. This is the case of Shengyu
and collaborators [29] where authors have used acetic acid additives as absorbent, the claim, in this
case, is that the utilization of organic acids would reduce the power required for the pulverization
of limestone. New technologies among wet FGD systems include, for instance, the FGDplus
technology from Andritz. This technology is based on an optimized “tracked mass transfer” within
the scrubber [30]. Another innovation introduced to general FGD systems was presented by the
Babcock & Wilcox Power Generation Group, Inc. (B&W PGG) as the Inhibited Oxidation Wet Flue
Gas Desulfurization system [31]. This technology utilizes emulsified sulfur, or as alternative sodium
thiosulfate to a reagent feed tank. The claim, in this case, is that the oxidation rate will be below 15%
and in this way, scale deposits will be controlled. Furthermore, as a result, it is claimed that with this
system no wastewater treatment is required.

Ultrasonic power can be used to enhance dissolution of solid particles [32] and it has been shown
that ultrasound can also enhance the selectivity and the product yield for some solid-liquid reaction
systems [33] and even the rate of reaction [34]. Detailed treatments of the science and engineering
of sonochemistry can be found in the literature [35]; one of the effects attributed to ultrasound
upon chemical reactions is, for instance, the formation of free radicals which could accelerate the
reactions involved. Sonication can enhance mass transfer by enlarging the reaction surface, provoke
grinding phenomena, surface renewal and therefore enhance the product yield and rate of dissolution.
However, some of these effects might not precisely act on the reaction mechanisms but give a secondary
enhancing effect.

Ultrasonic power is produced by transducers that yield acoustic waves with a high frequency of
approximately 15 kHz to 10 MHz [36]. They are longitudinal waves and because of them, the dissolving
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particles undergo a series of oscillations. Because of these oscillations, the fluid is subject to phases
of compressions and decompressions (also called rarefactions). Ultrasound waves are currently used
in medicine to image and scan organs and tissues [37], to give one example, they are used during
pregnancy imaging.

Ultrasound is not applied in wet FGD commercial applications, therefore this study gives valuable
and necessary information to assess further the feasibility of this novel technology. The results of this
study will be utilized for evaluating process design options, reactor design, and related optimization.
It has been stated that a scale-up of ultrasound enhancement is one of the main challenges for
this process; therefore, understanding the underlying mechanisms can help in the scaling up the
enhancement effect of sonication.

Limestone dissolution has been widely studied under conditions relevant for WFGD technology.
However, information is lacking on how sonication could be successfully used to improve the energy
efficiency of these systems, especially in the case of transient conditions. Furthermore, limestone
particles are not spherical and they present uneven surfaces and cavities as it appears clearly from
the SEM figures presented in this manuscript. On the other hand, it is also a fact that between
water (a highly polar compound) and limestone, there are also surface tension and electrochemical
forces which should be taken into consideration. To the knowledge of the authors, a study of the
Z-potential of limestone samples used in WFGD has not been done previously in the literature.
Therefore, an investigation of the Z-potential for the samples presented was performed in this work.
In this study, an investigation of the dissolution of diverse kinds of limestone samples is carried out by
a stepwise titration method under acidic conditions. One of the most common methods used to study
limestone dissolution is the pH-stat method, however, the stepwise titration method was chosen in
this study mainly because it gives the opportunity of studying transient conditions. The experiments
were done with and without the usage of ultrasound and in both cases, the mathematical models
proposed were suitable to describe the dissolution behavior. The modeling and understanding of
the intrinsic physical-chemical phenomena involved in the transient reactive dissolution of limestone
under ultrasonic treatment can aid in the development of novel enhancement methods for WFGD.

2. Materials and Methods

2.1. Materials

The limestone samples utilized in this study originate from Parainen (Finland) and Wolica
(Poland); both samples are provided by the Nordkalk Corporation. The Wolica sample is from the
Jurassic age (150 Ma) and it is classified as a sedimentary limestone presenting very few fossils [38].
On the other hand, the Parainen sample is from the Proterozoic age (1900 Ma), and it is classified as a
metamorphic limestone. The sample from Parainen presents a high degree of crystallization while the
sample from Wolica presents a more uneven surface with respect to the Parainen sample, and therefore
higher specific surface area (SSA). The Scanning Electron Microscopy (SEM) images of the samples are
presented below and show the difference in the surface, shape, and morphology between sample types.
Both samples are considered to be non-porous since the pore volume values measured by means of
nitrogen adsorption were equal or less than 0.002 m3/g for both samples [9]. The mineral phases of
the samples were assessed by X-ray diffraction (XRD) in previous works [39,40]. The samples were
crushed using a jaw crusher; after this, the obtained powder was ground by means of a vibratory disc
mill and sieved diverse times to the wanted size range. The larger particle size range was denominated
as “Large” and the sieve size was 212–250 µm while the smaller size range was denominated as “Small”
and the sieve size was 74–125 µm. The amount of sample utilized in all cases is given in Table 1.

The amount of sample has been evaluated by considering the obscuration of the laser
diffractometer; this is because, especially in the case when ultrasound is used with the sample from
Wolica, one of the effects is the breakage of the particles with related augmentation of the machine
obscuration over the limits.
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Table 1. The amount of sample used for the case of samples denominated as Wolica Large/Small
(WL/WS) and Parainen Large/Small (PL/PS).

Wolica Samples Parainen Samples

WL 1.7–2 g PL 2–3 g
WL US 0.9–2 g PL US 2–4 g

WS 1–1.5 g PS 2 g
WS US 0.8 g PS US 1.9–2.5 g

2.2. Experimental Setup

The limestone samples were weighted on a Precisa Gravimetrics 410 AM-FR scale, and the sample
was inserted in a stirred beaker with 0.5 L of distilled water. The stirring was conducted with three
blade propeller (3.3 cm of overall diameter) with downward pumping and the stirring speed was
maintained at 2300 rpm for all the experiments. The stirring speed has been calculated to be sufficient
for the complete suspension of all the particles utilized. This is in accordance with a method proposed
in the literature [41] and it has also been investigated by experiments done on the acid consumption
rate at different stirring velocities by maintaining the pH of the solution at a constant value. Besides
assuring complete particle suspension, the selected stirring speed was sufficient to avoid mass transfer
limitations that could occur in the case of not sufficient vigorous agitation [42]. The Particle Size
Distribution, PSD, for all the cases presented was measured by a Laser Diffractometer, Malvern
Mastersizer 3000 from Malvern Instruments. The probe and transducer are provided within the Hydro
EV external unit of the laser diffractometer. The ultrasonic power settings were maintained at a
constant at 50% of the range provided, the power delivered was 20 W at a nominal frequency of 40 kHz.
The ultrasonic power and the stirring speed was regulated by a computer device. The experimental
setup is shown in Figure 1.
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Figure 1. The experimental setup used.

For each titration step, the pH was recorded by using a pH electrode (double junction
with a built-in reference and epoxy body VWR electrode). The Z-potential and electrophoretic
mobility of the limestone samples was measured in aqueous dispersions by means of laser Doppler
micro-electrophoresis (Malvern Zetasizer Nano Series Nano-ZS). Scanning Electron Microscopy, SEM,
was used to analyze the surface morphology of the limestone samples. The equipment in use is a LEO
Gemini 1530 with a Thermo Scientific UltraDry Silicon Drift Detector (SDD). The samples were coated
with carbon to increase their conductivity.
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2.3. Procedure

2.3.1. PSD and pH Measurements

After the initial insertion of the sample into the reactor (the pH was usually of 5–5.5) and after
taking measures of the sample’s Particle Size Distribution, PSD; one milliliter of HCl-water solution
was used for each titration step. The HCl solution had a concentration of one mole per liter. The PSD
was measured online by the laser diffractometer. When no ultrasound was used, five titration steps
were performed and the PSD measurements were taken 15 times; instead, when the ultrasound was
used, seven titration steps were performed and for each titration step the PSD was taken seven times.
This is because when ultrasonic power is used, the time to reach a threshold value of the pH will be
less and, therefore, a lower number of measurements could be taken before the sample is consumed
completely. The step-wise titration method offers the possibility to verify the method several times in
the course of the experiments.

2.3.2. Z-Potential Measurements Sample Preparation

Concerning the Z-potential and electrophoretic mobility of the limestone samples, Wolica and
Parainen samples were sieved with a sieve size <74 µm, the particle size distribution of these samples
was measured and it is shown below in Figure 2.
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The samples having the above PSD were mixed (300 mg in 725 mL of distilled H2O) and let to
decant for 15 min, the top 20 mL were taken, and the PSD was measured.

As shown in Figure 3, the particles suspended in the liquid that did not decant had a size well
below 100 µm.
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2.3.3. Z-potential Measurements

A quantity of 303 mg and 300.05 mg of the Wolica and Parainen samples (<74 µm) were mixed
with 25 mL of de-ionized water (18.2 MΩ·m), respectively. Afterward, the solutions were left to
decant for 15 min. Finally, 20 mL of the dispersed solution was taken from the top dispersion. Citric
acid-Na2HPO4 Mc Ilvaine buffers (diluted 10 times) were prepared, having the following pH values:
2.6, 3.0, 4.0, 5.0, 6.0, and 7.0. The buffer solutions were mixed with 1600 µL of the dispersed solution
before measuring the Z-potential. The value of f(Ka) required for estimating the Z-potential was taken
as 1.5 (Smoluchowski approximation) [43].

2.4. Theory/Calculation

The concentration of calcium ions as a function of time was fitted to the model by using Equation
(2) [10,25] for the case of experiments conducted without sonication.

dy
dt

= −kr·yα +
〈kc〉·S

V
(1− y) (2)

In Equation (2), 〈kc〉 is the mean mass transfer coefficient, kr is the reaction rate constant, S is
the Effective Surface of the Reaction, ESR, V is the volume of the slurry in the reactor. The term y
represents the ratio between the calcium ions concentration and the concentration at the solid-liquid
interface assumed as the saturation concentration:

y =
Ca

Cai
(3)

In the same Equation (2), α is the reaction order. The parameters related to the limestone
dissolution, such as the diffusivity of Ca2+ ions and the solubility of CaCO3 were taken from the
literature [44,45]. The Specific Surface Area, SSA, when assuming spherical particles is given at each
PSD measurement and it is estimated from

SSA =
6 ∑i

Vi
di

ρ ∑i Vi
(4)

where Vi is the relative volume belonging to the class i with a mean diameter di and ρ represents
the particles’ density. The SSA is given for each measurement directly by the laser diffactometer.
The analytical solution for the second order and the third order kinetics of Equation (2) were derived
in the literature [10] and here the solution for the second order is reported as follows:

y =

√
τ(τ − 4(−kr)Tanh

[√
τ(τ−4(−kr)

2 ·t
]
− τ

2kr
(5)

where τ = 〈kc〉S/V. The parameters −kr and τ are obtained by implementing the iterative
Levenberg-Marquardt method defined as a damped least-squares curve fitting.

On the other hand, for the case of limestone dissolution with ultrasound, the expression is given
by Equation (6), accurately describes the experimental data. The method used to find the constant −kr

and τ, in this case, was necessarily numerical.

dy
dt

= −kr(y)
2 +
〈kc〉·S

V
·(1− y)− ku(y) (6)

The additional term on the right of Equation (6), ku, is denominated here as the Ultrasound
Enhancement Constant. This term represents the proportionality constant which is related to the use
of ultrasound.
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Ultrasonic power has a reasonable impact on the dissolution of samples, especially the ones from
the Wolica region. The mass transfer rate, in this case, is affected by the reactivity of the material,
the mass transfer rate at which the reactant moves through the medium, and by the action of the
ultrasonic waves.

3. Results

3.1. Limestone Characterization

It was confirmed by XRD analysis that both samples were mainly composed of the trigonal
rhombohedral calcite mineral; this study also confirmed that the Parainen sample contains reduced
amounts of quartz mineral [39]. In the diagenesis of carbonate rocks, it is possible to distinguish
six major processes: microbial micritization, cementation, dissolution, neomorphism, compaction,
and dolomitization [38]. All these phenomena affect the degree of crystallinity and friability;
additionally, the age of the samples is also one of the causes for the increased compaction of the
samples. These factors have an influence on the dissolution rate observed with different kinds of
samples. It can be clearly observed from the SEM images, Figure 4, that the samples from Parainen
have a much higher degree of compaction presenting also more euhedral shapes, while the samples
from Wolica tend to present more irregular surfaces and as well as anhedral shapes.
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3.2. Dissolution Rate

In this study, a considerable difference concerning limestone dissolution has been observed
between the case of sonication and when experiments were carried out in silent conditions. From the
online measurements of PSD and pH, it is possible to make some observations on the effects taking
place during the limestone dissolution; there are diverse phenomena that might be enhanced by the
usage of ultrasonic power. Considering the acid consumption, ultrasound (especially in the case of
samples from Wolica) determines a rapid settling of the pH at higher values. As a matter of fact, for the
case of Wolica Large sample presented in Figure 5, the overall acid consumption rate was increased by
72.33% when ultrasound was used.
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Figure 5 shows the acid consumption against time for the case of Parainen and Wolica samples
with and without ultrasound. In the plots presented, the minimum value of pH for each titration step
was taken at time zero. At the top of the figure, the case when no ultrasound is used is shown and only
the first and second titration steps are given for clarity. As a matter of fact, the acid consumption rate
curves for the remaining steps were overlying on top of the presented curves. Additionally, for the
case when ultrasound is used, some curves are not reported to improve the clarity of the drawing.

3.3. Particle Size Distributions

During each titration step, a number of PSD measurements were taken as described in the previous
section. These measurements are particularly important to get information on the particles population
and to have a preliminary estimation of the effective surface of reaction for the samples. Some of
the measures are demonstrated in Figure 6 for the case of Wolica Large and Parainen Large samples
while Figure 7 demonstrates the PSD for the Wolica Small sample for one titration step and all PSD
measurements (left), while on the right the PSD is shown for all the titration steps and the first PSD
measure is taken for each of them.
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4. Discussion

4.1. Effects of Ultrasound on Specific Surface Area determination

Ultrasound has an effect on limestone dissolution, it influences the reactivity of the system and
the transport phenomena involved. In the case of limestone dissolution, the ultrasonic power has an
impact on the transport phenomena, the reactivity of the samples and their breakage. Phenomena like
the microjet impact (velocities higher than 100 m/s) [46,47] could not be the only mechanism causing
the breaking of solid particles, shockwave damage is another mechanism widely accepted [36]. Figure 8
gives a simplified description of the cavitation of micro-bubbles and the formation of micro-jets acting
on the solid surface.
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It is expected that ultrasound has a more profound effect in enhancing limestone dissolution in
the case of fragile samples, for example, the Wolica sample in this study. It can be also observed that
sonication greatly enhances the dissolution of smaller particles. This can be seen by the evolution
in time of the PSD in Figure 6 for the Wolica sample. This could imply that the limestone could be
ground to a larger size fraction than usual and exploit the ultrasound enhancement to reduce the
energy consumption of the griding process. The two samples investigated in this study have very
large differences in terms of structure, age, and composition [9,40]. This reflects on the degree of
crystallinity of the samples and in terms of the solid surface. It can be observed that the effect of
ultrasound is very small for the experiments conducted on the Parainen sample, compared with the
case of experiments done with the Wolica sample. This can be seen from the estimation of the surfaces
done from the particle size distribution measurements. An example of SSA values obtained in the case
when ultrasound is used for all titration steps and between the samples Parainen Large and Wolica
Large, is given in Figure 9.
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When the sample does not present cavities and the degree of crystallization is quite high,
the amount of micro-bubbles trapped within the solid surface is quite small and, therefore, the effects
of nucleation and cavitation are not as important as in the case of large amounts of bubbles. As a
matter of fact, for the case of Parainen Large, samples are determined to be not porous according
to BET measurements. From the experiments, it appears evident that the effect of ultrasound is
more important during the initial phase of the experiment. However, the effect of ultrasound is still
quantifiable for the remaining titration steps; this also suggests that the second mechanism proposed
(shock wave propagation) [48] has an effect on the particles’ breakage.
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4.2. Mathematical Modelling

The modeling presented by Equation (2) for the case of second-order reaction kinetics represents
in a clear way the experimental data derived for the variable y (Y(t) in Figures 10–12) and in the case
when no ultrasound is used. As an example here the y values for the first three titration steps and the
case of Parainen Large samples are reported with the proposed mathematical model.ChemEngineering 2018, 2, x FOR PEER REVIEW  12 of 17 
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For the case of experiments done with the sample from Parainen, it is possible to denote that
Equation (2) still represents the data in a good manner. Figure 11 gives the cases of experiments done
on Parainen Large.

From our experiments it can be suggested that indeed the ultrasonic treatment of the samples
resulted in more breakage, however, as suggested in the literature [33,34], it can be observed that
the breakage could be not the only effect to be taken into account when ultrasound was used and
this needs to be further investigated. Figure 12 demonstrates a comparison between the fitting of
experimental data provided by Equation (6) (Figure Top) and how the model proposed by Equation (2)
(Figure Down) performs for the case when ultrasonic power was delivered to the slurry solution.

It can be noticed that Equation (2) is not suitable to describe the limestone dissolution in the
presence of ultrasound and this is not exclusively valid for second order reaction, but also for other
diverse orders. Equation (6) would suggest that ultrasonic power contributes to diverse phenomena
involved in the dissolution of the solid particles. These phenomena are not only related to the breakage
of the particles but they could also influence their reactivity.

4.3. Effect of Surface Interactions on Limestone Dissolution

The Z-potential of carbonates and its change as a function of pH has been presented previously in
the literature. The Z-potential dependence on pH has been reported for the dolomite and magnesite
samples [49]. Furthermore, it was also found that the Z-potential is a function of pH in the case
of calcium carbonate [50]. The Z-potential obtained in the literature [50] varied from −40 mV to
0 mV between pH 6 to pH 7.5. Thus, an electrical double layer may be formed around the particles,
and its effect on limestone dissolution may be dependent on pH. Such a double layer may hinder the
hydronium ions approaching the limestone surface which could be the cause for the relatively low
activation energies found in the literature [40,51]. It has been reported that the double layer formed
around the particles has a direct effect on mass transfer [52]. Additionally, it was written that for
divalent metal carbonates the surface charge is positive or negative depending on solution pH [53].
It is important to mention that the effect of the solvent used for the measurements may have a relevant
effect on the Z-potential results [54]. Therefore, the Z-potential dependency on pH may be subject to
the background electrolyte used. The results presented in Figure 13 clearly indicate that Z-potential



ChemEngineering 2018, 2, 53 14 of 17

shifts as a function of pH. Furthermore, these results suggest the formation of an electrical double layer.
Therefore, this confirms the literature findings for calcium carbonate on the Z-potential dependence on
pH but for a broad pH range: from pH < 3 to pH > 7.
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The results in Figure 13 are relevant to WFGD since in the studied range of pH it has been claimed
that the rate determining steps of limestone dissolution changes from being a mass transfer to a
chemical reaction. The dependence of Z-potential on pH presented in Figure 13 may shed some light
in explaining the apparent change between mass transfer versus the chemical reaction control of the
dissolution mechanism. The enhancement mechanism of sonication could be related to the change in
the Z-potential as a function of pH if the apparent mass transfer limitations at a lower pH are overcome
by altering the electrical double layer. Furthermore, it should be pointed out that the position at
which the curve crosses the isoelectric point could be a function of the background electrolyte or the
sample concentration.

5. Conclusions

The present study shows that ultrasonic power is consistently affecting the dissolution of limestone
and its online particle size distribution. This was more evident in the case of the porous samples,
younger in age, from the Wolica region in Poland. In this case, the overall dissolution rate was found
to be increased by more than 70%. The mathematical models proposed in this study were valid for
transient conditions of pH and they were describing the solid dissolution rate in a satisfactory manner
for both the ultrasonic and silent conditions. When ultrasound was utilized, it was necessary to
introduce an additional term denominated the Ultrasound Enhancement Constant. Ultrasound not
only induces particles’ breaking but also could enhance the reactivity of the particles by means of
direct or indirect effects. The mathematical models proposed suggested that an effective surface of
reaction should be taken into account for the solid-liquid reactions and therefore additional studies
have been performed and presented here on the existence of diverse solid-liquid layers.

The Z-potential measurements propose the existence of an electrical double layer which is also a
function of the solution pH. The presence of the above-mentioned electrical double layer may hamper
the approach of the hydronium ions to the limestone surface; this hindering effect varies during the
reaction. The enhancement mechanism of sonication may lie on the fact of overcoming or altering the
electrical double layer due to the ultrasound effects. The results from this research provide valuable
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information necessary to carry on a more accurate feasibility analysis of the ultrasound technology
applied to the WFGD process.
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