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Abstract

An investigation was undertaken to develop and validate an integrated model for ab-

sorption of sulphur dioxide involving a gas-slurry system consisting of limestone in

order to contribute to the understanding and modelling of sulphur dioxide absorption

in the absorber section of industrial Wet Flue gas desulphurisation processes. The

experimentation was executed in a laboratory scale agitated reactor with a very di-

lute mixture of sulphur dioxide (2000 to 3000 ppm) with direct on-line measurement

of important parameters and on-line sampling for subsequent measurements as a

function of time. The research programme consisted of three parts involving sepa-

rate experimentation and modelling respectively, with the first two parts confined to

the validation of sub-models and the generation of parameters required for the fi-

nal integrated modelling.For the third part of the investigation, an integrated model

was developed consisting of sulphur dioxide absorption and dissolution, limestone

dissolution, calcium sulphite crystallization and carbon dioxide liberation.

The modelling results were compared with experimental results for absorption

in aqueous solutions and limestone slurries respectively. The model developed here

comprises of seven differential equations with two equations for the concentrations

of SO2 and CO2 in the exit gas, three equations for the total concentration of sulphur,

carbon and calcium in the liquid and two more equations for the solids concentrations

of calcium carbonate and calcium sulphite in the slurry phase.

The model parameters were fitted to the experimental results and the sensitivity

to various phenomena (gas side mass transfer, liquid film transfer, dissolution rate

and precipitation rate) were investigated. The estimated parameters were found to

agree with results obtained for dissolution of the limestone determined separately

(Part 1) and the mass transfer co-efficients determined with aqueous solutions with-

out limestone with different initial pH values (Part 2).The agreement of the model with

experimental results were found to be satisfactory. An analysis of the occurrence of

different mass transfer reaction regimes (gas and liquid mass transfer and dissolution

of limestone) during the experimental period with varying pH is also reported.
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1 General Introduction

Chapter

Introduction

An overview of the study undertaken towards the development of an integrated model

of sulphur dioxide absorption into limestone slurry in an agitated vessel is given

in this chapter. Background and motivation of the investigation are presented in

Sections 1.1 and 1.2. The project statement is given in Section 1.3. The overall aim

of the project and specific objectives are presented in Sections 1.4 and 1.5. The scope

of this study is summarized in Section 1.6.

1.1 Background

1.1.1 Industrial perspective of coal-fired power stations and
the emissions

In 2012, the global electric power production was about 21.6 T-kWh and it is expected

to go up to 25.8 T-kWh in 2020 and a further hike to 36.5 T-kWh is expected for 2040,

thus the worldwide net electricity generation will increase by 69 % in 2040 (Baig &

Yousaf 2017, EIA 2017).

In 2007, working coal fired power stations were around 50,000, the number

is expected to increase world wide. Coal is considered to be the most abundant

power provenance globally, however, coal combustion contribute towards environ-

mental pollution leading to problems such as acid rain, global warming, air pollution

related diseases and so forth (Baig & Yousaf 2017). Coal fired power stations based

on modern technologies emit less pollutants due to the interventions of technologies

in cleaning the effluents, before emission; however pollutants are still being emitted

to date.

Regulatory bodies all over the world place stringent environmental regulations
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CHAPTER 1. GENERAL INTRODUCTION

on coal-fired power plants. Various technologies are commonly used to mitigate par-

ticular emissions, e.g. electrostatic precipitator/fabric filter for particulates, selective

catalytic reduction for NOx, flue gas desulphurization for SOx and others.Alternative

ways of abating emissions include retiring coal fired power generating plants and/or

co-generation by coal and natural gas e.g. until 2016, USA had been reported to have

retired 175 coal fired power plants and France retired 7. USA had also been reported

to have reduced coal consumption and carbon dioxide emissions by employing mixed

fuel power generation (Baig & Yousaf 2017).

1.1.2 SO2 emissions and regulations

The sulphur content in fossil fuels used in power plants may reach significant amounts

and their combustion produce gaseous sulphur dioxide leading to problems such as

acid rains, particulate matter, diseases and so forth. The degree of sulphur dioxide

emission is dependent on numerous factors e.g. the quantity and type of inherent

sulphur in the fossil fuel, the abating technology employed, equipment operation and

so forth. The use of fossil fuel in electricity generation accounts for the highest per-

centage of SO2 emission in many parts of the world e.g. United States of America

(Srivastava & Jozewicz 2001), India (Garg et al. 2002), China (Yan & Wu 2017), Eu-

rope (Smith et al. 2011),South Africa (Pretorius et al. 2015) and so forth.

Various regulatory bodies across the world are putting stringent SOx regulations

in their areas of jurisdiction e.g. the United States Environmental Protection Agency

(USEPA) is responsible for the United States of America, European Environmental

Agency responsible for Europe and so forth. This study focus on South Africa, where

the National Environment Management Air Quality Act (Act No 39 of 2004) governs

the SOx emissions. Certain parts of South Africa have exceeded the ambient air

quality standards of National Ambient Air Quality Act Standard (NAAQAS)’s Section

18(1), e.g. Highveld, Vaal Triangle and Waterberg. This can be attributed to that

electricity generating power stations are located in those areas and these areas are

declared as National Priority Areas (Ross 2012).

The South African electricity public utility (ESKOM) had been conducting ambi-

ent air quality since in the late 1970’s. On using the Atmospheric Dispersion mod-

elling, the utility reported high concentrations in the Vaal Triagle Priority, despite

meeting the NAAQS requirements.

The Waterberg Environmental Impact Assessment reported low concentrations.

The model projected that the introduction of the WFGD technologies on newly built

coal-fired plants will reduce the growing air pollution trends in the Highveld and

Waterberg priority areas (Stephen et al. 2014).
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1.1.3 Processes for SO2 removal

Most SO2 removal processes are based on the contact and/or reaction of SO2-containing

flue gas with alkaline matter in order to absorb SO2 and other acid gases (e.g. HCl,

HF) thereby producing sulphates and/or sulphites and by-products. Depending on

the fate of the sorbent, flue gas desulphurization can be categorized into two main

categories, namely, regenerative and non-regenerative processes. For regenerative

processes, the spent sorbent is recovered thermal or chemical treatments and con-

centrated SO2 is also generated and further processed to desired products e.g. ele-

mental sulphur, H2SO4 and so forth. On the other hand, for non-regenerative pro-

cesses, the sorbents are not recycled (Lisnic & Jinga 2018, Srivastava & Jozewicz

2001).

Classification of FGD processes depends on the aggregation state of the sor-

bent, namely, wet processes (solution or suspension), semi-dry processes (sorbent

with controlled humidity) and dry processes (zero humidification). Figure 1.1 pro-

vides classification of FGD processes based on the commonly used technologies on

industrial scale.

For dry process (sorbent injection,SI),sorbent particles are injected into the gas

flow or gas flow passes the particles. Commonly used sorbents are limestone and

dolomites, that are calcined at the burning point, and the produced CaO further

react with SO2 to produce either CaSO3 or CaSO4, which are collected at the ESP/FF.

Semi-dry processes are similar to the dry processes, with the exception that both the

sorbent and the flue gas are humidified. The commonly used semi-dry technologies

are circulating dry scrubber (CDS) also known as circulating fluidized bed (CFB) and

spray dry absorber (SDA) (Lisnic & Jinga 2018).

From all the processes presented in Figure 1.1, the most commonly used tech-

nology is the non-regenerative, wet process that employs either limestone or lime in

counter-current spray towers. This can be attributed to low operation cost and high

desulphurization performance (Córdoba 2015). The variants of limestone wet FGD

are limestone inhibited oxidation and limestone forced oxidation, with the later be-

ing the most preferred, due to its ability to avoid scaling and the oxidation CaSO3 to

saleable gypsum (Srivastava & Jozewicz 2001).

1.1.4 Status of WFGD technology

The current status of the available WFGD processes is that there is a need to amelio-

rate the poor performing installations to achieve a desulphurization efficiency of up

to 99.9 % and to retrofit the 99.9 %-technologies on plants without WFGD. There is

also a need to use poor quality limestones and to reduce water usage, especially in
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Figure 1.1: Classification of FGD processes (Adapted from Lisnic & Jinga
(2018)).

water scare countries. The other current focus area is the reuse and/or recovery of

the by-products.

Various strategies can be used to achieve 99.9% desulphurization, namely, in-

stallation of secondary absorbers, the use of modern nozzles and so forth. Lis-

nic & Jinga (2018) postulated that future installations will have stringent require-

ments, namely, low water consumption, high desulphurization efficiency, heavy met-

als abatement capacity, low investment, operating and maintenance costs, high relia-

bility, saleable/re-usable by-products and so forth. Furthermore, regarding the lime-

stone for the forced oxidation process, efforts will be directed at employing smaller

installations in efforts to reduce investment costs (in addition to upgrading and opti-

mization) (Lisnic & Jinga 2018).

The designing, installation and operation of the WFGD will require detailed un-

derstanding of control parameters, mass transfer and chemical reactions involved.
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The commonly investigated control parameters includes pH, limestone reactivity, SO2

concentration, PM concentration, water re-circulation, particles entrainment and so

forth (Córdoba 2015).

1.2 Motivation

Various modelling methods had been used to develop mathematical models for the

design and operation of industrial-, pilot- and laboratory scale plants for wet gas

desulphurization process and the results have been extensively published by Agarwal

& Rochelle (1993), Brogren & Karlsson (1997c), Eden & Luckas (1998), Kiil et al.

(1998), Neveux et al. (2014), Olausson et al. (1993), Ortiz (2010). Comprehensive

models for the description and integration of the hydrodynamics and the associated

absorption/reaction kinetics respectively have been examined using very powerful

computational fluid dynamic (CFD modelling codes) (Arif 2016, Gómez et al. 2007,

Marocco 2010, Tseng & Li 2018, Xiao et al. 2014).

The validation of these comprehensive models with experimental results (Kallinikos

et al. 2010, Ortiz 2010) have also been reported for a variety of process configuration

and capacities including laboratory scale experimental studies designed to simulate

and provide information for large scale operation (Kallinikos et al. 2010, Ortiz 2010).

Hydrodynamics modelling for the gas and liquid phases and resulting interac-

tion between the phases appears to have been well established, whereas the detailed

understanding of the coupled absorption and chemical reactions involving sulphur

dioxide, limestone and calcium sulphite/sulphate in the slurry phase needs to be ad-

dressed in greater detail. In the case of the spray absorption column the modelling of

the synchronous absorption and dissociation of SO2 and CO2 and the dissolution of

limestone in the slurry droplets as a function of a varying pH throughout the absorber

can affect the overall process.

The modelling of the latter would involve evaluating the different mechanism for

mass transfer, the reaction kinetics for dissociating and precipitating species and the

associated chemical and physical parameters (Bravo et al. 2002, Pasiuk-Bronikowska

& Rudziński 1991).

To achieve success with this complex system with many associated coupled sub-

process (diffusion-reaction-precipitation) it is essential to perform experiments that

include measurement of that many variables. Thus, this project was undertaken to

address the need for a meticulous integrated model for the mass transfer-reaction

component of the overall model for the absorption of SO2 in a WFGD process.
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1.3 Project Statement

The project will involve the development of a comprehensive diffusion-reaction-precipitation

mathematical model with experimental validation for the desulphurization of a flue

gas using a wet process. Experimentation will be accomplished with a gas-slurry

laboratory-scale stirred reactor with limestone operating as a semi-batch process.

The research programme will include a systematic procedure involving the evaluation

of the required sub-models consisting of mass transfer and dissociation of sulphur

dioxide and carbon dioxide, dissociation of limestone and precipitation of calcium

sulphite.

1.4 Aim of the project

The aim of this investigation is to contribute to the understanding and modelling of

wet flue gas desulphurization confined exclusively to the unsteady absorption of sul-

phur dioxide and the behaviour of chemical reactions in the limestone slurry phase.

The research programme will consist essentially of four main tasks involving labora-

tory scale experimentation and modelling in order to generate information required

for developing the final integrated model.

1.5 Specific Objectives

To achieve the above mentioned aim, the following research programme comprising

four specific objectives, each with the following distinct tasks, will be undertaken.

• To determine the physicochemical properties of the selected limestone and the

corresponding properties of the sulphated product following the dissolution,

sulphation and precipitation. This will be done to provide results for evalu-

ating the integrated model and for comparison with limestones used by other

researchers.

• To develop and validate the dissolution rate of limestone only using appropri-

ate reaction conditions without sulphation. Reaction rate parameters will be

determined for a specific limestone.

• To assess the mass transfer mechanism and the quantification of the transfer

of SO2 from the gas to the slurry phase involving an appropriate compounded

model. This will involve experimentation without dissolution of limestone. Mass

transfer coefficients for sulphur dioxide and derivatives will be determined.
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• To develop and evaluate an integrated model for the overall process involving,

adsorption and mass transfer of SO2, dissolution of limestone, liberation and

mass transfer of CO2 and precipitation of calcium sulphite. The results from

above-mentioned tasks and appropriate results from the literature will be used

for this simulation. The results will be compared to experimental results ob-

tained from an experimental programme involving all the mechanisms, namely

absorption, mass transfer, dissolution and precipitation.

1.6 Scope of the Study

The study was conducted to contribute towards the understanding and modelling of

wet flue gas desulphurization, specifically absorption of SO2 and the role of chemical

reactions in the limestone slurry phase. The scope of the study involves limestone

characterization, laboratory scale experimentation and modelling in order to generate

information required for developing the final integrated model, and is summarized in

Figure 1.2. The literature survey conducted is presented in Chapter 2.

The model requires knowledge of physical and chemical properties of limestone

used. Chapter 3 is dedicated towards characterization of the limestone used as well

as comparing the properties with other limestones published in literature. Limestone

dissolution is considered to also limit the WFGD process. Chapter 4 addresses the

modelling (and validation) of the dissolution kinetics of the limestone. Furthermore,

the solid-liquid mass transfer coefficient and the adsorption constant, which are the

requirements for the integrated model, are assessed.

The integrated model also requires the knowledge of gas-liquid mass transfer co-

efficients. Chapter 5 is dedicated towards the evaluation of gas-side and liquid-side

mass transfer coefficients. The same chapter also employs Two-film theory to model

the absorption of SO2 into water, thereby revealing the difference in SO2 absorption

into water and into limestone slurry (Chapter 6) as well as the role of chemical reac-

tions involved.

In Chapter 6, an integrated model is developed, involving a set of ODEs and al-

gebraic equations, that describes the mechanisms involved in the wet flue gas desul-

phurization confined exclusively to the unsteady absorption of sulphur dioxide and

the behaviour of many chemical reactions in the limestone slurry phase. Matlab soft-

ware (version 2018b) was used to solve these equations. The model was validated by

experimental results generated using a laboratory scale stirred tank reactor. Conclu-

sions drawn and recommendations made are given in Chapter 7.

7



CHAPTER 1. GENERAL INTRODUCTION

F
ig

u
re

1
.2

:
A

fl
ow

ch
ar

t
il
lu

st
ra

ti
n

g
p
ro

je
ct

sc
op

e.

8



2 Literature Review

Chapter

Introduction

A review of work done by others towards understanding FGD processes is given in

this chapter. The overview of FGD processes is presented in Section 2.1. The funda-

mentals of limestone wet flue gas desulphurisation are delineated in Section 2.2 with

specific interest on the rate limiting steps. Section 2.3 provides the review of models

commonly used for limestone WFGD processes on different operational scales.

2.1 Overview of FGD processes

There are more than 200 flue gas desulfurization technologies (Jamil et al. 2013),

however, the phrase ’FGD-system’ has been commonly used synonymous to WFGD

for the removal of SO2 from power production utilities (Córdoba 2015). Depending

on the desulphurizing agent used, the common processes include calcium-based,

ammonia-based , magnesium-based and others. Depending on the final co-product,

FGD processes are divided into those whose co-product is disposed on landfill, and

those with a commercially useful co-product.

The USEPA categorizes FGD systems according to non-regenerable and regener-

able processes. The classification is based on the fate of the sulphur compounds, i.e.

whether they are throwaway along with by-products or not (Córdoba 2015). Clarke

& Sloss (1992) also designate them according to regenerable and non-regenerable,

and furthermore, they subdivide the non-regenerable category into wet scrubber and

spray dry systems.

Clarke & Sloss (1992), Soud (2000) and Nygaard et al. (2004) proposed the four

classes, namely, wet/spray-dry scrubbers, SI and regenerable processes. Further-

more, main classes are sundered into several subclasses on the basis of chemical re-
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actions and dispersion conditions. Specialised literature (Aunela-Tapola et al. 1998,

Clarke 1993, Soud 2000) concurs that the limestone WFGD system is supereminent

(87%). This can be attributed to its applaudable desulphurisation capacity and low-

cost running (Córdoba 2015, Kiil et al. 1998).

2.2 Limestone WFGD: Description and Fundamen-
tals

2.2.1 Description

2.2.1.1 The process: tank and absorber

Non-generable limestone WFGD can be classified into forced or natural oxidation, de-

pending on whether air/oxygen is sparged or not. Chemical reactions are considered

to take place both in the absorber and reaction tank sections. A typical wet FGD

equipment is shown in Figure 2.1.

Figure 2.1: Typical WFGD equipment (Arif 2016).
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2.2.1.2 Limestone sorbents

The factors that made lime/limestone/dolomite wet FGD processes to be favourable

includes that:

• low-cost of both limestone and dolomitic-limestones, owing it to their copious-

ness.

• the specific properties of the aqueous slurries obtained by the partial dissolution

of suspended limestone particles.

• the solid by-product of the process (gypsum), is saleable and can offset the costs

of the lime/limestone/dolomite WFGD process.

Figure 2.2 shows the deposits and occurrences of limestone/dolomite in South

Africa.The abundant calcareous minerals resources in South Africa had been

Figure 2.2: Deposits and occurrences of limestone/dolomite in South Africa
(Agnello 2005)

reported to be comprised of a greater proportion of dolomite than limestone

(Haripersad & Swart 2014). There are however greater reserves of limestone than

there is dolomite due the existing market drivers favouring the application of lime-

stone primarily in the cement industry. Assessment of the performance of limestone

11
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WFGD involves the quantification of limestone utilization, SO2 removal efficiency and

gypsum quality, which in turn, is dependent on the physico-chemical properties of

limestone/dolomite. This necessitate the studies towards characterization of lime-

stone/dolomite deposit(s) (that are found near WFGD plants), as is done in Chapter

3.

2.2.1.3 Chemistry and reaction rates

The overview of chemical reactions in the spray tower is shown in Figure 2.3.

Figure 2.3: overview of chemical reactions in the spray tower (Desch et al.
2006)

The chemical reactions that are considered to take place in the absorber zone

(pH 5 to 6) are presented below (Córdoba 2015):

SO2 diffusion

SO2 hydration:

SO2 (g)�SO2 (aq)

(R2.1)

SO2 reaction:

SO2 (aq) + H2O(l)�H2SO3 (aq)

(R2.2)

12
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H2SO3 dissociation:

H2SO3 (aq)�H+ + HSO –
3

HSO−3 dissociation:

HSO –
3�H+ + SO 2–

3

(R2.3)

Limestone hydration:

CaCO3(s) CaCO3 (aq)

(R2.4)

(R2.5)

CaCO3(aq) dissociation:

CaCO3 (aq)�Ca2+ + CO 2–
3

(R2.6)

CO2−
3 protonation:

H+ + CO 2–
3 (aq)�HCO –

3

(R2.7)

HCO−3 protonation:

H+ + HCO –
3�H2CO3 (aq)

(R2.8)

CO2(g) desorption

H2CO3 (aq)�CO2 (g) + H2O(l)

(R2.9)

The overall reaction (R2.10) is given below:

CaCO3(s) + SO2 (g) CaSO30.5 H2O(s) + CO2 (g) (R2.10)

Chemical reactions that did not reach completion (in the absorber) are consid-

ered to proceed to completion in the reaction tank, owing it to longer residence pe-

riod.The oxidation of the SO2−
3 to SO2−

4 takes place according to R2.11 in the reaction

tank zone.

CaSO30.5 H2O(s) + 0.5 O2 (g) CaSO42 H2O(s) (R2.11)

Different chemical reaction mechanism is expected at a lower pH range (4.5–5.5),

13
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where the main product is Ca(HSO3)2 as shown in R2.12. Córdoba (2015) reported

that at pH of 4.5 to 5.5, the favoured overall chemical reaction will be given by R2.12

and corresponding oxidation be given by R2.13

CaCO3(s) + SO2 (g) + H2O�Ca(HSO3)2 (aq) + CO2 (aq) (R2.12)

Ca(HSO3)2 (aq) + O2 (g) + 2 H2O CaSO4·2 H2O(s) + H2SO4 (aq) (R2.13)

As a way of regulating the pH of the slurry in the reaction tank (to a desired pre-

determined value e.g 5.5), predetermined amount of fresh limestone slurry is added

for neutralization according R2.14.

CaCO3(s) + H2SO4 (aq) + H2O CaSO4·2 H2O(s) + O2 (g) (R2.14)

Córdoba (2015) also reported that it is advantageous to operate the WFGD in the

forced-oxidation mode, so as to optimize the production of gypsum, which will also

depend on other operating conditions/parameters e.g. excess-air, slurry pH and so

forth.

2.2.2 Modelling of rate determining mechanisms

Chemical-absorption of SO2 into limestone slurry had been reported to be limited

by numerous sub-processes (Figure 2.3), namely, limestone dissolution, SO2 absorp-

tion, CO2 desorption, CaSO3·0.5H2O crystallization, SO2−
3 oxidation,CaSO3·0.5H2O

oxidation, CaSO4·2H2O crystallization (Brogren & Karlsson 1997c, Kiil et al. 1998,

Olausson et al. 1993) and so forth. Various models have been employed to delineate

these sub-processes in full scale and pilot scale plants and laboratory set-ups, by

various researchers. This section presents some of the models used by some of the

researchers.

2.2.2.1 Dissolution of limestone

Neveux & Le Moullec (2011) modelled limestone dissolution in the full-scale spray

tower reaction tank using an empirical expression from the work of Desch et al.

(2006).Brogren & Karlsson (1997a) employed the film theory, in a plot scale plant.

Most limestone dissolution studies were conducted in a laboratory scale set-

ups using the rotating disc method and particles suspension, i.e. either the pH-

Stat method or free-drift method, where either sulphuric acid (Brogren & Karlsson

1997b, Fusi et al. 2015, Huminicki & Rimstidt 2008) or hydrochloric acid (Alkattan

et al. 1998, Carlett et al. 2015a, Carletti et al. 2012, 2015b, Chan & Rochelle 1982,
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Gage & Rochelle 1992, Lund et al. 1973, Pepe 2001, Sjöberg & Rickard 1984a,b,

1985, 1983, Toprac & Rochelle 1982, Ukawa et al. 1993, Wallin & Bjerle 1989a,b,

1990) is used to emulate the acidic conditions in the wet FGD. The later is favoured

because it prevents the production of solid products, making it possible to measure

the concentration of calcium ions and the transient PSD of limestone.

The commonly used models for laboratory scale limestone dissolution studies

are film theory based models (Gage & Rochelle 1992, Lancia et al. 1991, 1994a,

Souza et al. 2010), basic mass transfer models (Brogren & Karlsson 1997a, Chan &

Rochelle 1982) and semi-empirical model (Koech et al. 2014).

Following on from the work done by other researchers on limestone dissolution

that pertains to WFGD (Blasio et al. 2018, Brogren & Karlsson 1997a,b, Carlett et al.

2015a, Carletti et al. 2012, 2015b, Fellner & Khandl 1999, Gage & Rochelle 1992,

Koech et al. 2014, Lancia et al. 1991, 1994a, Souza et al. 2010, Toprac & Rochelle

1982, Ukawa et al. 1993), Chapter 4 of this study will address the mass transfer and

reaction kinetics of limestone dissolution.

2.2.2.2 Interface mass transfer and dissociation of SO2

Mass transfer of SO2 into aqueous solutions/limestone slurry is determined by both

diffusion and reaction processes. When chemical reaction enhances the absorption,

the mass transfer is termed chemical-absorption (Lancia et al. 1994b). Most stud-

ies (plant and laboratory scales) on chemical-absorption of SO2 into limestone slurry

involved modelling of the rate of SO2 mass transfer, with the commonly used mod-

els The two-film (Whitman 1924), the surface-renewal (Danckwerts 1955) and the

penetration (Higbie 1935) theories.

Gerbec et al. (1995), Gómez et al. (2007), Kallinikos et al. (2010), Neveux &

Le Moullec (2011), Olausson et al. (1993), Zhong et al. (2008) and others. employed

Two-film theory on SO2 mass transfer in full scale WFGD, the same was used by Kiil

et al. (1998) on pilot scale plant. The two-film-based modelling on laboratory scale

(SO2-limestone slurry system) includes the work of Bravo et al. (2002), Dou et al.

(2009), Lancia et al. (1997), Uchida et al. (1978) and so forth.

Ramachandran & Sharma (1969) were the first to propose models based on

the significance and insignificance of solid dissolution in the liquid film. In case of

the dissolution of solid being trifling, the processes (absorption and dissolution) are

considered to take place in series, thus the reciprocal of the overall resistance is

the sum of the reciprocal of the respective individual resistances. The same authors

derived a rate equation for the case when solid dissolution is germane.

Their models were amended by Uchida et al. (1975, 1978), Uchida & Wen (1977)

on basis of their experimental observation that solid dissolution aggrandize gas ab-
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sorption. Further modifications were done by Sada et al. (1979) and (Sada et al.

1982). The same authors considered separate dissolution coefficients in the film and

liquid bulk, respectively.

Studies by Lancia et al. (1994b), Sada, Kumazawa, Sawada & Hashizume (1981),

Takashina et al. (2001), Uchida & Ariga (1985) and others, focused on the liquid film

and the chemical reactions in the reaction planes within the film. Brogren & Karlsson

(1997c) formulated a model (based on the penetration theory) to compute the dynamic

absorption rate of SO2 into limestone slurry droplets. Uchida et al. (1981) developed

a penetration model for gas absorption into a slurry containing solid particles with

an instantaneous irreversible chemical reaction.

The surface-renewal-based model developed by Chang & Rochelle (1982a) was

used by the same authors to assess the impact of organic acids on SO2 removal un-

der WFGD conditions. (Gerard et al. 1996) reported that the surface-renewal model

is more pragmatic and pedantic, however it is mathematically extortionate. Conse-

quently, in Chapter 5 of this study, the two-film theory is used.

2.2.2.3 Desorption of CO2

The effluence of CO2 desorption on chemical-absorption of SO2 into limestone slurry

had been considered by researchers such as Bravo et al. (2002), Dragan & Ozunu

(2012), Kallinikos et al. (2010) and others. The latter, employed a two-film theory

based model to model the rate of CO2 desorption. Furthermore, they considered CO2

to be only affected by the liquid film resistances.

Bravo et al. (2002) proposed the use of a variable Y for the ratio of desorbed CO2

moles to dissolved CaCO3 moles. The same authors employed a non-linear regression

fitting technique to generate the correlation for Y, on the basis that Y is dependent on

temperature and time.

The contribution of the desorption of CO2, into the developed integrated model,

is addressed in Chapter 6 of this study, .

2.2.2.4 Crystallization of calcium sulphide hemihydrate

The work done by researchers such as Gao et al. (2008), Kallinikos et al. (2010),

Olausson et al. (1993), Zhong et al. (2008) and so forth, considered the role calcium

sulphite hemihydrate on the overall rate of SO2 chemical absorption.The commonly

used expression is given in terms of relative saturation,e.g, in the work of Kallinikos

et al. (2010), Olausson et al. (1993), Tseng & Rochelle (1986a) and others.

In Chapter 6 of this study, the effect of calcium sulphite hemihydrate crystal-

lization on the overall SO2 absorption process is addressed.
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2.2.2.5 Oxidation of calcium sulphite hemihydrate

Sulphite oxidation is an intricate process that is of rudimentary grandness in WFGD

(Brogren & Karlsson 1997c). Sulphite oxidation rate is influenced by numerous fac-

tors, namely, chemical reactions, catalysts, mass transfer mechanisms and so forth.

A superlative compendium of sulphite oxidation has been provided by Stromberg

(1992). pH is considered to be cardinal to sulphite oxidation rate, since the chemical

equilibria of the slurry strongly rely on it. A wide range of values are reported in

literature of reaction with respect to hydrogen, sulphite and oxygen concentrations

(Brogren & Karlsson 1997c) . Sulphite oxidation has been reported to involve radi-

cals that cause chain reactions (Bäckström 1927), susceptible to both catalyst and

inhibitors.

In this study, oxygen or air was not introduced into the reactor, consequently,

gypsum crystallization is ignored. This can be attributed to the fact that this study

aims to contribute to the understanding and modelling of wet flue gas desulphur-

ization confined exclusively to the unsteady absorption of sulphur dioxide and the of

chemical reactions in the limestone slurry phase in the absorber zone, since 85% (or

more) absorption takes place in the absorber zone (Kiil et al. 1998). The oxidation

chemical reactions (on freshly fed limestone slurry) in the absorber zone are consid-

ered to be negligible, consequently, the SO2−
3 and CaSO3 oxidation sub-models are

also neglected.

2.2.2.6 Crystallization of calcium sulphate

Gypsum crystallization is dependent on the relative supersaturation RSCaSO4
(Olaus-

son et al. 1993, Warych & Szymanowski 2001). The determination of the crystalliza-

tion rate constant has been reported to be difficult to carry out, and the results re-

ported by different researchers are not in agreement (Warych & Szymanowski 2001).

According to Warych & Szymanowski (2001), there is scarcity of models that

describe the gypsum crystal size distribution and, furthermore, the laboratory-scale

results are not apposite to be used to delineate crystallization in full scale plants.

Gypsum crystallization and crystal size distribution are influenced by numerous fac-

tors, e.g., operating temperature, mixing and so forth.

It is epochal for gypsum crystal to be relatively large, so that it could be used

as a building material (Kiil et al. 1998). RSCaSO4
requires to be maintained below 1.4

through implementing longer residence times, as crystallization will now occur on

crystal surfaces (Warych & Szymanowski 2001).
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2.3 Flue Gas Desulphurisation: Integrated Models
and Validation

Wet FGD processes had been amply modelled since in the 1980s through different

approaches, namely, statistical approach (Perales et al. 2008, Zhao et al. 2007) and

ontological approach (Brogren & Karlsson 1997c, Kallinikos et al. 2010, Neveux &

Le Moullec 2011) and so forth. Most models cynosures on limestone wet FGD pro-

cesses, as it is the most commonly used technology.

There is a gap in the understanding of chemical reactions and the detailed mod-

elling of sulphur dioxide absorption in the sprayer zone of typical WFGD tower (where

SO2−
3 and calcium sulphite oxidation and gypsum crystallization are normally as-

sumed to be minimal). Studies that considers limestone dissolution and calcium

sulphite crystallization (in the sprayer zone of typical WFGD tower) are meagre. In-

vestigations that provide models that integrate the rate limiting steps of the absorp-

tion of SO2 into limestone in stirred tank reactors (semi-batch and batch processes)

are also scarce in literature.

2.3.1 Models compared with laboratory-scale stirred tank
reactor results

Various models had been developed by different researchers based laboratory scale

experiments. The same laboratory equipment are also used to evaluate some of the

parameters required for modelling. Such models focused on providing information

for specific aspects of the WFGD processes. For example, the reaction plane model,

which is based on the film model,was developed and used by investigators such as

Sada et al. (1983), Sada, Kumazawa, Sawada & Hashizume (1981), Takashina et al.

(2001), Uchida & Ariga (1985) and so forth, to explain the aspects SO2 absorption

and the chemical reactions and mass transfers that take place in the liquid film.

A model based on two-film theory, that does not consider the dissolution of

limestone, had been used by workers such as Lancia et al. (1997), Uchida et al. (1978)

and so forth to evaluate the rate of SO2 absorption, while coupling the mass transfer

and the chemical reactions in the stagnant film, using an enhancement factor. Mass

transfer coefficients (gas-side and liquid-side) are also commonly evaluated using the

same stirred reactor tanks, by changing solutions.

2.3.2 Models compared with pilot plants results

The models developed for and validated by pilot plant experimental experiments had

been observed to entail further aspects (Dou et al. 2009, Eden & Luckas 1998, Kiil
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et al. 1998). Kiil et al. (1998) developed a model appertaining to a packed tower. Their

model integrate all rate-limiting step, namely, SO2 absorption, HSO−3 oxidation, lime-

stone dissolution and calcium sulphate crystallization and also takes into account

the population balance of particles. Kiil et al. (2002) expounded the model of Kiil

et al. (1998) in order to include the effect of HCl absorption on the SO2 absorption

and the concentration of residual CaCO3 in the gypsum produced. The same model

was also extended by Frandsen et al. (2001) to subsume the impact of buffer additives

and chloride ions.

Dou et al. (2009) formulated a model to estimate mass-transfer taking into

account the chemical enhancement factor and sulphite concentration in the liquid

phase. The model was used to evaluate the efficiency of SO2 absorption, despite the

dependence of the model on a wide range of variables.For pilot plants, state-of-the-art

models had been reported to predict desulphurisation with deviation of ±3 % (Neveux

& Le Moullec 2011).

The use of computational fluid dynamics (CFD) for modelling earo- and hydro-

dynamic (with minimal chemistry) had gained popularity (Gao et al. 2008, Tseng &

Li 2018, Xiao et al. 2014). Tseng & Li (2018) employed a CFD simulation based on

the Eulerian-Eulerian model, and considered both flow structure and chemical reac-

tions. Wet FGD nozzle efficiency parameters were modelled by Brown et al. (2010)

employing Lagrangian particle tracking method.

2.3.3 Models compared with industrial-scale results

A lot of work had been done towards the development of models that were compared

with industrial data (Kallinikos et al. 2010, Neveux & Le Moullec 2011, Nygaard

et al. 2004, Warych & Szymanowski 2001, Zhong et al. 2008). Different investiga-

tions focused on different issues, e.g. work by Kaesemann & Fahlenkamp (2002),

Michalski (1997) explored the aero and hydrodynamics in order to relate the rate

of desulphurisation to parameters such as droplet coalescence, pressure drop, gas

distribution and so forth. As in Section, 2.3.2, results of CFD modelling (aerody-

namic, hydrodynamic and chemistry) were compared with industrial data (Gómez

et al. 2007, Marocco 2010, Marocco & Inzoli 2009). The model used by Gómez et al.

(2007) employed Eulerian-Eulerian approach and considered mass-transfer mecha-

nisms of gases. Marocco & Inzoli (2009) and Marocco (2010) used the Euler-Lagrange

approach to simulate the aero and hydrodynamics inside a WFGD tower.

Brogren & Karlsson (1997c) developed and used a model premised on penetra-

tion theory. The model was employed to evaluate the dynamic rate of SO2 absorption

into droplets inside the spray tower whilst considering both instantaneous and finite

rate chemical reactions(CO2 hydrolysis, sulphite oxidation, limestone dissolution and
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calcium sulphate crystallization).

A process model that calculate indispensable parameters for approximating lime-

stone WFDG costs (capital,operation,existing and so forth), had been developed by

Warych & Szymanowski (2001). Their model and the one developed by Neveux &

Le Moullec (2011) takes into account, the rate-limiting steps of WFGD process, namely,

SO2 absorption, SO2−
3 oxidation, CaCO3 dissolution and CaSO4 · 2H2O crystallization.
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3 Characterization

Chapter

Introduction

The physico-chemical characteristics of limestone plays a major role on the perfor-

mance of limestone during wet FGD, since they determine its dissolution, which (in

turn) is the rate-limiting step of desulphurisation. The aim of characterisation study

is in two folds, first to evaluate the limestone physico-chemical properties that are

essential for the integrated model, second, to compare such properties with those of

previously studied limestones. The techniques applied and results of characterisa-

tion of limestone and hannebachite before and after dissolution and SO2 absorption

are presented in this chapter. Materials were characterized with regard to mineral

analysis (QEMSCAN), chemical analysis (XRF) and physical structural analysis (SSA,

pore size distribution, PSD and helium skeletal density). Sections 3.1 and 3.2 present

the details of the methodology and discussion of the generated results, respectively.

3.1 Methodology

3.1.1 Origin of materials

Limestone sample was supplied by PPC (Northern Cape Province, South Africa). The

limestone was selected based on its relevance to the South African market, i.e. the

high probability that it would be used in the local electricity supplier’s (ESKOM)

WFGD operations. The sample was ground to —45 µm (D90 = ±23 µm). Two sim-

ulated flue gases ((2000 ppm SO2, balance N2) and (3000 ppm SO2, 8.0 v/v % CO2,

8.0 v/v% )), were supplied by African Oxygen, South Africa (Afrox). Hydrochloric acid

(HCl, 36.5%) was supplied by Sigma-Aldrich (Pty) Ltd.
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3.1.2 QEMSCAN

QEMSCAN analyses were conducted at the Eskom Research and Innovation Cen-

tre (South Africa,Gauteng province). The QEMSCAN equipment is commonly used

to analyse coal, ashes, clinkers, fouling deposits etc. The equipment acquire 450

000 points per hour. A 1000 count energy dispersive spectrum was used to identify

minerals (Van Alphen 2009a,b).

The limestone sample is first mixed with molten carnauba wax or with epoxy

resin, thereby forming moulds of 30 mm thickness. The molten wax is left to set,

whilst the epoxy resin is left to cure. The cross sections of individual particles were

exposed by polishing the solid wax and cured epoxy resin to a 1µm final finish. The

scanning electron microscope electron beam strikes the prepared sample at a prede-

fined points.

A 7 millisecond 1000 count X—ray spectrum is acquired at each point.At each

point, the elemental proportions are used to determine the mineral/amorphous phase

(Van Alphen 2009a,b). The standard used for classification of mineral phases is the

Eskom/VAC fly ash mineral/phase standard (Van Alphen 2009a,b).

3.1.3 X-ray diffraction

Back loading preparation method was employed for XRD analyses. X’Pert Highscore

plus software was employed to identify the phases. Rietveld method (Autoquan pro-

gram) was used for the quantification of relative phase amounts (in wt%). Crystalline

structure of minerals on X-rays was the basis for the measurements.

3.1.4 X-ray fluorescence spectroscopy

XRF analysis for major and minor elemental compositions was conducted according

to ASTM 3682 standards. Micronized samples (-75µm) were used for this analysis

for acceptable results. Samples were initially dried at a temperature of 110 ◦C to

a constant weight. The dried samples were then calcined in air at a temperature

of 500 ◦C for 60 min and at 815 ◦C for 4 h, in order to remove water (as well as

all organic components and to determine the loss on ignition value on coals). The

calcined sample was converted into a solid solution by fusion with lithium tetraborate

(Li2B4O7), LTB (one gram of the calcined ash to nine grams of LTB). The prepared

solid solution and standard SARM—2, an international syenite certified reference

material from MINTEK were placed in the sample holders and put in the sample

compartment of the XRF spectrometer.
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3.1.5 Surface area and pore volume

A Micromeritics ASAP 2010 instrument was used to determine both the specific sur-

face area and pore volume (ASAP: Accelerated Surface Area and Porosimetry System).

It has an accuracy of 0.15% for the pressure and ±0.02 ◦C for temperature. The degas

system has a deviation of less than ±10 ◦C from the desired set-point (Micromeritics

2010).

Limestone sample mass of 0.2 g was used for the carbon dioxide adsorption ex-

periments, the sample was first degassed and evacuated to 10 µmHg at a temperature

of 380 ◦C. The analysis of the evacuated limestone sample was conducted at 0 ◦C (ice

bath). For the nitrogen adsorption/desorption experiments, a samples were analysed

at -195.8 ◦C (liquid nitrogen bath).

3.1.6 Density

Measurements of the skeletal density were conducted using a manual Quantachrome

Helium Pycnometer (Quantachrome, Florida, USA). The accuracy of the equipment is

0.2% when appropriately set; when thermally equilibrated; and when the sample fills

> 75% of the nominal sample cell volume (Quantachrome 2009).Density is calculated

from the ratio of the mass of discrete solid particles (and inaccessible pores) to the

volume of discrete solid particles (and inaccessible pores). The volume of the discrete

solid particles and their inaccessible pores are measured by pycnometer. A limestone

sample weighing ±7 grams was used in the small cell with a volume of 20 cm3. Due

to its small molecular volume and its ability to penetrate easily, helium was the gas

medium used. The second motivation for using helium was its van der Waals forces

that are weak enough that the adsorption of helium on the limestone surface can

be neglected (Saha et al. 2007). Limestone sample was pressurized to 117.211 kPa

during the analysis. (Quantachrome 2009, Webb 2001).

3.1.7 Particle size distribution

Malvern Mastersizer 3000 (supplied by Micron), was used to measure particle size

distributions. Particle size distribution was performed using laser diffraction by ap-

plying the Mie theory. The PSD measurements were taken before and after the dis-

solution and desulphurization experiment. The particle volume was first determined,

that was followed by the computing of the diameter of a sphere with the equivalent

volume.
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3.2 Results and Discussion

3.2.1 QEMSCAN results

The integrated model developed in Chapter 6 requires the knowledge of concentra-

tion of CaCO3 in limestone. This necessitated the need to conduct mineral analysis

(QEMSCAN) and chemical analysis (XRF). The later was conduct in order to provide

additional information. A summary of QEMSCAN analysis is given in Table 3.1. The

sample contains both crystalline and amorphous phases, with crystalline phases be-

ing dolomite and calcite. Dolomite (3.68 wt%) and calcite ( 95.31 wt%) are considered

to be the source of calcium ions that reacts with sulphite ions to form calcium sul-

phite during SO2 absorption. The source of calcium ions in limestone was distributed

as calcite (78.8 wt%) and dolomite (0.4 wt%).

Literature on QEMSCAN analysis of limestone is scarce, the results from this

study were compared with two South African limestones and one Polish limestone

from the study conducted by Schutte (2018).

It is important to state that infinitesimal traces were normalized to 0 in this

study. The QEMSCAN analysis results obtained in this study compared fairly well

with those for Limestone A of Schutte (2018). Results of the Polish limestone were

also fairly comparable.

3.2.2 X-ray Fluorescence (XRF) Spectroscopy Results

Results of XRF analysis limestones are tabulated in Table 3.2. It is clearly evident that

CaO dominates (98.45 wt %). The intensity of an element during quantitative analysis

by X-ray fluorescence is considered to be proportional to its percent composition,

whilst, for complex matrix (e.g. ashes and limestones), the intensity of an element

may not be directly proportional to the concentration due to result of an additional

element within the sample.

Table 3.2: XRF analysis results.

Composition (wt, %)
Analyte CaO MgO SiO2 Al2O3 TiO2 Fe2O3 MnO Na2O K2O SO3

This study 94.85 1.73 1.24 0.35 0.024 0.34 1.18 0.046 0.12 0.12
Carletti et al. (2015b) Finland 54.4 0.60 N/A N/A N/A N/A N/A N/A N/A N/A
Carletti et al. (2015b) Polish 55.1 0.32 N/A N/A N/A N/A N/A N/A N/A N/A

The reason given in Sub-section 3.2.1 regarding the comparison of results ob-

tained by Schutte (2018) and those in this study, is also valid in this sub-section.
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3.2.3 Structural analysis results

The integrated model developed in Chapter 6 requires a limestone dissolution model

(presented in Chapter 4) as one of its input sub-models, which in turn requires the

knowledge of the structural characteristics,namely, surface area and density. These

requirements necessitated the determination of such parameters in this sub-section.

Additional parameters that were not required in the model are considered to be addi-

tional information that could be useful in interpreting trends and other results.

Textural characteristics and the pore size distribution of limestones was investi-

gated by fitting the data of CO2 adsorption to several well-known adsorption models,

namely, BET model, Langmuir model and DR model. One of the limiting steps of wet

flue gas desulfurization has been reported to be limestone dissolution, which is in

turn influenced by the particle size alongside other properties.

The summary of structural analysis results is tabulated in Table 3.3

Table 3.3: Summary of structural analysis results.

Parameter

L-N2-BET L-CO2-DR L-PSD-SSA HK-Pore L-PSD L-Density H-PSD-SSA H-PSD

(m2/g) (m2/g) (m2/g) (cm3/g) (µm) (kg/m3) (m2/g) (µm)

This study 12.54 12.73 0.18 2.43 36.4 2440 0.83 34.45

Carletti et al. (2015b) Finland 0.05 - 0.1 N/A 0.01 - 0.021 N/A 74 - 250 2720 N/A N/A

Carletti et al. (2015b) Polish 0.55-0.65 N/A 0.008 - 0.027 N/A 74 - 250 2703 N/A N/A

Notes:

L-N2-BET : Limestone specific surface area using Brunauer–Emmett–Teller theory

and N2 as adsorbate

L-CO2-DR : Limestone specific surface area using Dubinin-Radushkevich equation

and CO2 as adsorbate

L-PSD-SSA : Limestone specific surface area using by the laser diffraction technique

HK-Pore : Limestone pore volume using the Horvath-Kawazoe approach

L-PSD : Limestone particle size distribution using the laser diffraction technique

L-Density : Limestone skeletal density using the gas pycnometry technique

H-PSD-SSA : Hannebachite specific surface area using by the laser diffraction tech-

nique

H-PSD :Limestone particle size distribution using the laser diffraction technique

N/A : Not available
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Figure 3.1: Limestone pore volume analysis.

The standard percentile diameters values were observed to decrease as expected.

The Particles with diameters in the region of 1 to 3 µm are completely consumed.

The dissolution of limestone under wet flue gas conditions had been reported to be a

function of BET specific surface area and adsorption properties of ions on the surface

of the particles (Carletti et al. 2015b).

Figure 3.2: Particle size distribution of limestone.

The limestone used in this study is considered to be predominantly a mixture

of minerals, and are thus expected to have pore sizes > 2 < 50 nm (predominantly
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micropores). The properties are summarized in Table 3.3, there, the DR model had a

satisfactory correlation coefficient.

The HK model is designed to describe the slit-shape pores and is primarily

used to determine the pore sizes of predominantly microporous materials (Horváth

& Kawazoe 1983). The differential pore volume distributions are presented in Figure

3.1,showing the differential pore volume values within the micro-porous range (1.5

to 5 nm).

Smaller particles are expected to dissolve more readily and thus they have a

higher sulphur dioxide absorption rate. The PSD of raw limestone is presented in

Figure 3.2. Table 3.3 provides a summary of average diameters of particles with

cumulative fractions of 10, 50 and 90% (D(v, 0.1), D(v, 0.5), D(v, 0.9)); the average

diameter of weighted volume D[4,3]; specific surface area and the average diameter

of weighed surface.

3.3 Summary

• The techniques and results of characterisation of limestone are presented in

this chapter.

• A South African limestone sample (from the Northern Cape province) was pre-

pared through milling and sieving. Hydrochloric acid was supplied by Sigma-

Aldrich (Pty) Ltd.

• The mineral analysis in this study were conducted using QEMSCAN technique,

and the results thereof are presented in this chapter.

• The technique used for the analysis of major and minor elemental compositions

(XRF) and the results thereof are presented in this chapter.

• The methods used to measure/determine the physical structural properties

(SSA, pore size distribution, PSD and helium skeletal density) and the results

thereof, are given in this chapter.

• The physico-chemical properties from this chapter were used in the later chap-

ters for various purposes. This because, the physico-chemical properties of a

limestone affects the dissolution of limestone, which in turn, is one of the rate-

limiting steps of wet FGD desulphurisation.

• The examples characterisation results usage are:

28



CHAPTER 3. CHARACTERIZATION

i. Concentration of CaCO3 used in modelling limestone dissolution (chapter

4) was determined using QEMSCAN.

ii. Concentration of both CaCO3 and CaSO3 · 2H2O used to validate the lime-

stone dissolution and hannebachite sub-models of the integrated model

(chapter 6) were determined using XRD. The XRF results confirmed the

distributions.

iii. The BETCaCO3
surface area and pore volume used for limestone dissolu-

tion (in chapters 4 and 6) were evaluated using the results from the Mi-

cromeritic ASAP 2010 presented in 3.1.5

iv. The limestone density used during the determination of limestone dissolu-

tion mass transfer coefficient (chapter 4) was measured using the Quan-

tachrome Helium Pycnometer.

v. The limestone particle size used during the determination of limestone

dissolution mass transfer coefficient (chapter 4) was measured using the

Malvern Mastersizer 3000.
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4
Dissolution kinetics of limestone:
Experimentation and reaction rate
modelling

Chapter

The integrated model that was later developed (in Chapter 6) requires the knowledge

of the total dissolution constant (ktot). The aim of this chapter involves determining

ktot (from the evaluated kl and kr) of a South African limestone. kl was evaluated

using the Frössling-type correlation of Sherwood number, and was found to be reliant

on the experimental operating conditions (solution pH, temperature and agitation

speed) whereas the kr was estimated from the gradient of the linear plot of lnCH+ vs

t on dissolution conducted at stirring rates greater than triple the critical impeller

speed(N>3Njs). The total dissolution constant (ktot) was estimated by the reciprocal

addition of 1/(kl) and 1/(kr).The obtained ktot is comparable with the ktot regressed

from the model fitting. The activation energy of limestone dissolution in the present

study is comparable to those published in literature. Section 4.1 presents a review

of work done by other workers. Experimentation is given in Section 4.2. The mass

transfer-reaction model is given in Section 4.3 and the results thereof are discussed

in Sections 4.4 and 4.8.

4.1 Introduction

SO2 emissions, mainly from fossil fuel combustion, poses a threat to the environ-

ment and are a health risk. This led to stringent regulations being set by regulatory

bodies across the world. One of the most commonly used SO2 abating technology is

limestone WFGD due to their relatively low cost and greater efficiency.Limestone dis-

solution is one of the rate-limiting steps in the limestone WFGD process as it directly

affects the chemical reaction equilibria, thereby influencing SO2 absorption, CaCO3

utilization,scaling and other relevant sub-processes. As a result, the understanding
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and modelling of limestone dissolution for WFGD processes is crucial.

Besides its applicability to WFGD studies, limestone dissolution is applicable to

many other technological processes e.g. acid water neutralization (Barton & Vatanatham

1976, Santoro et al. 1987), waste water bio-mediation (Gibert et al. 2003), carbon-

ate geological behaviour (Buhmann & Dreybrodt 1985, Busenberg & Plummer 1986,

Morse 1974, Morse & Arvidson 2002) and calcium carbonate equilibrium in oil wells

(Coto et al. 2012). Studies of limestone dissolution for WFGD processes had been

conducted by authors like Carlett et al. (2015a), Carletti et al. (2012, 2015b), De-

Blasio et al. (2012), Fellner & Khandl (1999), Gage (1989), Gage & Rochelle (1992),

Lancia et al. (1991), Santoro L. & G. (1973), Shih et al. (2000), Toprac & Rochelle

(1982).

Earlier studies on limestone dissolution focused on various aspects, the most

common being controlling mechanisms (mass transfer or reaction kinetics or a com-

bination of both), effect of pH on the apparent activation energy, effect of inhibitors

on dissolution, effect of CO2 (desorption/absorption/reaction), PSD, effect of agitation

and other properties. Several authors (Barton & Vatanatham 1976, Berner & Morse

1974, Plummer & Wigley 1976, Sjöberg & Rickard 1984a) reported that limestone

dissolution at low pH is mass transfer-controlled and is reaction kinetics-controlled

at high pH. Low apparent activation energy ( < 20 kJ/mol) had been reported by var-

ious investigators (Chan & Rochelle 1982, Plummer et al. 1978) for experiments at

low pH ( < 5), the inverse is true for experiments at high pH ( > 5.5) (Lund et al. 1973,

Sjöberg & Rickard 1984b). The reaction of CO2 was reported not to be important

under WFGD conditions (Jarvis et al. 1988), it is only at high CO2 pressure, that the

hydrolysis of CO2 can enhance limestone dissolution Chan & Rochelle (1982). The

same authors reported that the partial pressure of CO2 can vary from near zero to

0.1 atm. The effect of inhibitor (e.g. sulphite ions, phosphate ions, aluminium ions,

copper ions, fluorite ions, scandium ions, manganese ions etc.) was investigated by

several researchers. (Gage & Rochelle 1992, Jarvis et al. 1988, Morse 1974). The

effect of agitation had been studied by various authors (Fusi et al. 2012, Pepe 2001,

Plummer et al. 1978, Sjöberg & Rickard 1983). Plummer & Busenberg (1982), and it

was reported that the role of agitation is more pronounced with an increase in lime-

stone particle size. Studies on the role of PSD were conducted by investigators such

as Tress et al. (1985), Ukawa et al. (1993)

Particle size plays an important role during limestone dissolution, e.g., for larger

particles, kl is proportional to 0.5 power of agitation rate. For finer particles, the

mass transfer coefficient is inversely proportional to particle size (Harriott 1962).

For surface reaction controlled dissolution, the mass transfer and chemical re-

action resistances are considered to be in series, and their reciprocal sum can be
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used to describe the dissolution rate (Lund et al. 1975). For low pH (pH less than

3.5) and low activation energy (8.4 kJ/mol), the diffusion of H3O+ ions (designated as

H+ in the equations) limits the dissolution. The activity of H3O+ ions is also directly

proportion to the dissolution rate (Plummer et al. 1978). For high pH (pH greater

than 3.5) and high apparent activation energies, the same authors suggested that

the role played by surface reaction is more conspicuous with accretionary pH. The

conclusions drawn by Sjöberg & Rickard (1984b) concerning the kl and kr are similar

to the ones presented by Plummer et al. (1978).

Various limestone dissolution models based on either experiments, theory or

both, had been presented in literature Amrhein et al. (1985), Bjerle & Rochelle (1984),

Brogren & Karlsson (1997b), Buhmann & Dreybrodt (1985), Carletti et al. (2012),

Chan & Rochelle (1982), Koech et al. (2014), Sjöberg & Rickard (1984a,b), Wallin &

Bjerle (1989a,b, 1990), namely, semi-empirical, shrinking-core, film theory, penetra-

tion theory etc. The limestone dissolution studies that are inclined on WFGD includes

the work of Blasio et al. (2018), Brogren & Karlsson (1997a,b), Carlett et al. (2015a),

Carletti et al. (2012, 2015b), Fellner & Khandl (1999), Gage & Rochelle (1992), Koech

et al. (2014), Lancia et al. (1991, 1994a), Souza et al. (2010), Toprac & Rochelle

(1982), Ukawa et al. (1993). The models developed by Gage & Rochelle (1992), Lancia

et al. (1991, 1994a), Souza et al. (2010) were based on film theory, and were reported

to be dependent on the properties of limestone (structural and physico-chemical prop-

erties) and experimental conditions (solution pH,inhibitors,hydrodynamics etc). Mod-

els based on mass transfer theory were developed by authors such as Brogren &

Karlsson (1997b)) and Chan & Rochelle (1982). They considered the role of CO2 hy-

drolysis to be negligible under WFGD conditions (i.e low concentration of CO2 in the

presence of sulphite species). The semi-empirical model was developed and used by

Koech et al. (2014).

The important conclusions that can be drawn from this review includes that,

at low pH (<5.5), and low activation energy (< 20 kJ/mol), limestone dissolution is

mass transfer-controlled. The inverse in true for chemical reaction-controlled. The

influence of CO2 chemical reactions and desorption is not significant at low partial

pressures of CO2.The aim of this part of the study is to evaluate the total dissolution

constant (ktot) of a South African limestone. This involves the determination of solid-

liquid mass transfer coefficient (kl) and chemical reaction constant (kr). The study

also aims to evaluate the activation energy of the of limestone dissolution process as

well as to fit a model to the experimental results.
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4.2 Experimental

4.2.1 Materials

Details of the limestone (origin, motivation for selection and preparation) used are

in Chapter 3, Sub-section 3.1.1. Hydrochloric acid (HCl, 36.5%) was supplied by

Sigma-Aldrich (Pty) Ltd.

4.2.2 Apparatus and methods

Limestone dissolution experiments were conducted using a thermostatted reactor. A

stirrer with two sets of blades (eight blades per set) is placed in the centre of the

reactor. The Eight baffles are installed along the inner circumference of the reactor

at equidistant positions.

Figure 4.1: Stirred tank reactor (T in cm).

Metrohm 691 pH meter and a unitrode with Pt 1000 (Metrohm, South Africa)

were employed for pH measurement per 2 seconds. A Memmert water-bath, with a

1 Pt100 sensor class A in 4-wire-circuit (supplied by Lasec) was used to keep the
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temperature of the reactor at a set value. A K-type thermocouple (WIKA) was em-

ployed to measure the temperature inside the reactor. The Metww-05-L watt-meter

(supplied by Schneider Electric South Africa (Pty) Ltd) was used to measure the power

consumption.

Table 4.1: Summary of operating conditions.

Condition Range/Value Units

Sample mass 1 - 5 g

Slurry volume 5 x 10−4 – 1.5 x 10−3 m3

HCl concentration 0.05 - 0.4 M

Temperature 293.15 – 343.15 K

Stirring rate 1-6 s−1

Details of limestone characterization methods are given in Chapter 3,Section

3.1, with the corresponding results in Section 3.2. Dissolution experiments were

conducted by free drift method, in which the pH is allowed to freely increase from

the initial value to a higher desired value (e.g. equilibrium pH) as result of limestone

dissolution. The operating conditions are summarized in Table 4.1. Slurry pH was

recorded as a function of time. On some experiments, slurry samples were collected

and sieved. The aliquot was analysed using the using the inductively coupled plasma

optical emission spectrometer (ICP Expert II, Agilent Technologies 720 ICP-OES).

4.3 Mass Transfer - Reaction Model

The mass transfer-reaction model requires the knowledge of the overall dissolution

rate constant, ktot, which in turn requires both the kl and kr. Sub-section (4.3.1)

present the method used to evaluate the kl whereas Sub-section (4.3.2) present

approach used to delineate the chemical reaction constant. The determination of

the overall dissolution constant and the development of the overall mass transfer-

reaction model are presented in Sub-sections 4.3.3 and 4.3.4.

4.3.1 Determination of mass transfer coefficient

kl in agitated solid-liquid systems are usually computed using a Frössling-type cor-

relation. In this study, the kl was calculated using Sh. Equation 4.1 gives the corre-

lation for spherical particles
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Sh = a+ b ·Re
1

2 · Sc
1

2 (4.1)

where Re and Sc are the Reynolds (for particle) and Schmidt numbers, respec-

tively, a and b are dimensionless coefficients. Sh can be outlined as per Equation

4.2

Sh =
kldp
Di

(4.2)

where dp is the diameter of the particle and Di is the diffusion coefficient of the

species i, defined by the equation given by Boudreau (1997)

Di = α+ β · T (4.3)

where α and β are the empirical parameters specific for every species.

The Reynolds number for particles can be defined as

Re = (
εd4p
ν3

)
1

3 (4.4)

where ν is the kinematic viscosity of the liquid and ε is the mean dissipated

energy, defined as

ε =
NpρN

3D5

V
(4.5)

where Np, ρ, N, D and V are the power number, density of the liquid, stirring

rate,impeller diameter and volume of the liquid. The Schmidt number is given by

Sc =
ν

Di
(4.6)

The definition of the Sh can be rearranged to give kl as per Equation 4.7

kl =
Di

dp
(
εd4p
ν3

)
1

6 (
ν

Di
)

1

3 (4.7)

4.3.2 Determination of Chemical Reaction Constant

Two approaches of determining kr were considered in this study, namely, regression

and higher stirring rate approach. The second approach was arbitrarily favoured in

this study. In this approach, dissolution of limestone in HCl solution is conducted at

different stirring rates,where above a particular stirring rate, dissolution is no longer

affected by stirring. Carletti et al. (2015b) reported that stirring rate to be three

times the minimum critical impeller speed (defined as the speed at which no solids

remained stationary on the base of vessel for longer than 2 seconds (Zwietering 1958))
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Under this condition, the change in hydronium ions concentration in the bulk can be

given by Equation 4.8

− V
dCH+,slurry

dt
= kr · SSA · (CH+,interphase − CH+,equilibrium)n (4.8)

where V, is the volume of the slurry and CH+,slurry, CH+,interphase and CH+,equilibrium,

are hydronium concentration in the slurry bulk, liquid-solid interphase and at equi-

librium. SSABET is the product of the BET surface area and the mass off solid lime-

stone and n is the order of the chemical reaction.

At low pH values (pH≤4.5), the effect of equilibrium hydronium concentration

and CO2 are considered to be negligible. First order overall reaction is also assum-

able, i.e. n equals 1. Moreover, under these high stirring rates, the hydronium ions

concentration at the interphase can be estimated by the concentration in the bulk

slurry,consequently, Equation 4.8 can be abridged to Equation 4.9

− V
dCH+,slurry

dt
= kr · SSA · CH+,slurry (4.9)

Equation 4.9 can be integrated to give

lnCH+,slurry = lnCo
H+,slurry −

kr · SSA
Vslurry

t (4.10)

where Co
H+,slurry is the initial concentration of H3O+ ions in the bulk slurry. kr,

can thus be estimated from the gradient of the linear plot of Equation 4.10, i.e. lncH+

vs t. It is imported to reiterate that this approach is only applicable under cases in

which kl � kr, and thus controlled by reaction resistance (1/kr).

The effect of temperature on the chemical reaction constant can be given by the

Arrhenius equation (Equation 4.11),

kr = k1 · e
−Ea
RT (4.11)

where k1 is the pre-exponential factor, Ea, is the apparent activation energy, R is

the universal gas constant and T is the temperature in the reactor.

4.3.3 Determination of Overall Rate Constant

The relative significance of mass transfer and chemical reactions during limestone

dissolution in HCl solutions depends on the magnitudes of kl and kr and the level of

disequilibrium in the system (Murphy et al. 1989).

The total dissolution constant (ktot) was estimated by the reciprocal addition of

1/(kl) and 1/(kr) according to Equation 4.12, (MacInnis & Brantley 1992)
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1

ktot
=

1

kl
+

1

kr
(4.12)

Before it was used in the mass transfer-reaction model, ktot was first modified

to account for the concentration of hydronium ions on the surface of the limestone

particles, rather than in the bulk slurry.

4.3.4 Mass Transfer-Reaction Model development

The chemical reactions considered during the dissolution of limestone can be repre-

sented by this mechanism:

CaCO3(s) CaCO3 (aq)

(R4.1)

CaCO3(aq) dissociation:

CaCO3 (aq)�Ca2+ (aq) + CO 2–
3 (aq)

HCO−3 dissociation:

H+ (aq) + CO 2–
3 (aq)�HCO –

3 (aq)

(R4.2)

(R4.3)

HCO−3 dissociation:

H+ (aq) + HCO –
3 (aq)�CO2 (aq) + H2O(l)

CO2(g) desorption

CO2 (aq)�CO2 (g)

(R4.4)

(R4.5)

The above mechanism can be simplified into one overall reaction consisting of a

forward and backward reactions (R4.6 and R4.7),(Brantley et al. 2008, Carletti et al.

2015b). This had been termed ’two-step’ mechanism, in literature. Where the first

step (R4.6) is rate determining, and the second step (R4.7) is assumed to be quasi-

equilibrium Carletti et al. (2015b).

A two steps mechanism proposed by Carletti et al. (2015b) can be given R4.6

and R4.7, which lead to the overall reaction (R4.8)
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CaCO3(s) + H+ (aq)�Ca2+ (aq) + HCO –
3 (aq)

(R4.6)

HCO –
3 (aq) + H+ (aq)�H2O(l) + CO2 (aq)

(R4.7)

The overall dissolution reaction (Carletti et al. 2015b, Morse 1974) presented as

CaCO3(s) + 2 H+ (aq)�Ca2+ (aq) + CO2 (g) + H2O(l)

(R4.8)

Chemical reaction R4.8 yields a stoichiometric ratio of 1:2 (i.e for Ca:H3O+).

Stoichiometry has been used by other researchers (Chan & Rochelle 1982, Plummer

& Busenberg 1982, Shih et al. 2000, Siagi & Mbarawa 2009, Toprac & Rochelle 1982)

to estimate Ca2+ ions in the bulk liquid whilst employing pH-Stat method. Since

partial pressure of CO2 is minimal, the effect of CO2 reactions and desorption (on

limestone dissolution) is considered to be insignificant in this study.

The schematic diagram of mass transfer and chemical Reaction during limestone

dissolution is proposed by Gunn (2003) had been modified to suite the transport and

reaction mechanism above, and is given in Figure 4.2. Ca2+ and CO2−
3 ions released

from the surface of the mineral are transported away into the bulk of the solution

by mass transfer. On the other hand, CO2, H2CO3, and H3O+ are also transported

from the bulk slurry to the surface. In Figure 4.2, the dashed lines represent mass

transfer, and solid lines symbolises chemical reactions. Due to mass transfer, con-

centration gradients build up such that the concentrations in the bulk are different

from those on the solid surface Gunn (2003).

The model developed by Carletti et al. (2015b) was employed in this study. The

model comprises of both the mass transfer step in the liquid phase and the chemical

reaction step at the solid-liquid interface. The thickness of the diffusion layer is as-

sumed to be negligible when the mass transport is sufficiently enhanced. Hydronium

ions mass transfer from the bulk liquid to the solid-liquid interface can be given by

Equation 4.13

RH+,slurry = kl · SA · (CH+,slurry − CH+ , interphase) (4.13)

where CH+,slurry and CH+ , interphase, are concentrations of hydronium ions in

bulk slurry and in the solid-liquid interface, respectively.SA, is the solid-liquid inter-

face surface area, RH+ is the rate of dissolution.
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Figure 4.2: Schematic Diagram of Mass Transfer and Chemical Reaction dur-
ing dissolution.

The dissolution rate due to chemical reaction at the solid-liquid interface can be

given by Equation 4.14

RH+,slurry = kr · SA · (CH+ , interphase− CH+ , equilibrium) (4.14)

where CH+,equilibrium and kr are the concentration at equilibrium and the chemical

reaction constant,respectively.

SA is evaluated by multiplying SSABET by the molecular weight (MWCaCO3
) and

the concentration (CCaCO3
) of solids according to Equation 4.15

SA = SSABET ·MWCaCO3
· CCaCO3

(4.15)
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The total rate can be given by the reciprocal addition of resistances of according

to Equation 4.12, and thus, the overall rate of dissolution can be given by Equation

4.16

RH+,slurry = ktot · SA · (CH+,slurry − CH+,equilibrium) (4.16)

when CH+,slurry � CH+,equilibrium , Equation 4.16 can be simplified to Equation

4.17 (Ahlbeck et al. 1995). This assumption is not applicable to a typical limestone

WFGD operated at a pH range of 5 to 6 (Córdoba 2015), however in this study, the

pH was observed to drop below 2.5 in some instances (Chapter 6).

RH+,slurry = ktot · SA · CH+,slurry (4.17)

For dissolution to take place, hydronium ions should come into contact with the

limestone particles, considering that the limestone sample in this study had been

reported to have a Horvath-Kawazoe pore volume of 2.43 cm3/g in Table 3.3. Equa-

tion 4.17 can be re-written in terms of surface concentration (θH+ ) rather than bulk

concentration (cH+):

RH+,slurry = ktot · SA · θH+ (4.18)

The coverage of H3O+ ions on the solid surface (θH+ ) can be estimated using the

Langmuir adsorption isotherm:

θH+ =
Kad · CH+ , slurry

1 +Kad · CH+,slurry
(4.19)

Where Kad is the adsorption. On introducing the Langmuir adsorption isotherm,

Equation 4.18 gives

RH+,slurry = k′tot · SA ·
Kad · CH+ , slurry

1 +Kad · CH+,slurry
(4.20)

The constant on the numerator,Kad, and k
′

tot, can be lumped according to Equa-

tion 4.20

ktot = k′tot ·Kad (4.21)

When the coverage of limestone surface is considered to be 1 − θH+, the rate of

change of concentration of species can be given by an ODEs tied by stoichiometric
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constraints. The rate of change in concentrations of CCaCO3
and CH+,slurry can be

given by Equations 4.22 and 4.23, respectively

dCCaCO3

dt
= −ktot · SA · CH+,slurry · (1−

Kad · CH+ , slurry

1 +Kad · CH+ , slurry
) (4.22)

dCH+,slurry

dt
= −γ · ktot · SA · CH+,slurry · (1−

Kad · CH+ , slurry

1 +Kad · CH+ , slurry
) (4.23)

where γ is the dissolution stoichiometric coefficient. The change in concentra-

tion of calcium ions and bicarbonate ions can be given by Equations 4.24 and 4.25,

respectively, when the stoichiometric coefficient is assumed to be 1.

dCCa2+ , slurry

dt
= ktot · SA · CH+,slurry · (1−

Kad · CH+ , slurry

1 +Kad · CH+ , slurry
) (4.24)

dCHCO−3
, slurry

dt
= ktot · SA · CH+,slurry · (1−

Kad · CH+ , slurry

1 +Kad · CH+ , slurry
) (4.25)

When surface inhibition is negligible (e.g. when SO2−
3 ≥ 1 M and Al3+ and F 1−

are traces), dissolution of limestone in the WFGD process had been reported to be

controlled by mass transfer of species to and from the surface of the suspended

limestone particles (Gage & Rochelle 1992, Jarvis et al. 1988, Weng 2016). The mass

transfer limitations are overcame through operating the reactor under conditions in

which the kinetics is slower than mass transfer,namely, operating the reactor at a

stirring rate that is greater than thrice the critical impeller speed (N > 3·Njs) and air

flow greater than 9500 cm3/min (Carletti et al. 2015b).

4.3.5 ODEs Numerical Methods

A system of ODEs that describes the dissolution of limestone (Equations 4.22 through

4.25) was solved numerically employing a software package MATLAB (MATLAB 2018).

The nature of the equations, the range of parameters and variables involved, permit-

ted the use of MATLAB’s standard solver for ODEs, that is, the ODE45 and ODE15s

functions.

The most commonly used ODE solver for ordinary differential problems is ODE45,

owing it to its versatility. However, it is not recommendable for stiff problems and

those requiring high accuracy, suitable solvers are ODE15s, ODE23 and so forth

(MATLAB 2018).
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The mathematical method used by ODE45 is Runge-Kutta whilst employing vari-

able time step for expeditious computing. Ordinary differential equations of the form

y′ = f(t, y) are integrated from t0 to tf when the initial condition is taken to be y0, i.e.,

the problem is considered to be specified when the vector of f(t, x) is set and both y0

and t0 are specified (MATLAB 2018).

4.3.6 Parameters estimation

The goodness of the numerical simulation is reliant on the correctness of the input

parameters and initial conditions. Both input parameters and initial conditions, in

turn, depends on the validity of assumptions made and experimental errors that

were made. Under circumstances where the assumptions are not valid and/or the

experimental errors are more pronounced, parameters are checked by fitting. Error

analysis for the measurements done in Chapters 4 to 6 is given in Appendix A.

The parameters estimated in this present study includes chemical reaction con-

stant (kr), stoichiometric coefficient (γ), diffusivity constants (Di), adsorption constant

(Kad) and enthalpy of adsorption (∆H0
ad). Ordinary differential equations 4.22 through

4.25 were used in the regress Kad. The initial concentrations of Ca2+ and HCO−3 are

considered to be zero. Matlab R2018b software was employed, as it was the case in

Sub-Section 4.3.5.

The commonly used approach is the use of sum of square errors and the cor-

responding root mean square. Let xi be the experimental value approximated by

numerical solution x(t) at time ti. Define {yi, zi} similarly. The sum of square errors

can be given by Equation 4.26

SSE =

n∑
i=1

((x(ti)− xi)2 + (y(ti)− yi)2 + (z(ti)− zi)2) (4.26)

and the root mean square error is given by Equation 4.27

RMSE =
√
SSE/3n (4.27)

The Nelder-Mead Simplex Method algorithm (Nelder & Mead 1965) has been re-

ported to be efficient by Wright (2012), and is implemented by lsqcurvefit optimization

tool in MATLAB.

4.4 Results and Discussion: Experimental Results

The dissolution of finely ground limestone (≤ 45 µm) were conducted employing the

equipment and following the free-drift method given in Section 4.2.
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Limestone dissolution was determined from the transient pH mensuration in the

bulk slurry, considering that the change in H3O+ concentration is stoichiometric to

CaCO3 dissolution. A better delineation of limestone is considered to be the plotting

of transient H3O+ ions concentration against time. The same approach was employed

by Carletti et al. (2015b), and is espoused this study.

The effects of stirring rate, HCl concentration, temperature and solid-to-liquid

ratio were investigated. Except for the case of the effect of HCl concentration, two

distinct steps were observed, namely, a very fast dissolution step (leading to a quick

decrease in H3O+ ions), and a slow dissolution step (leading to a slow steady decrease

in H3O+ ions). This observation is consistent with that of Pepe (2001), and the second

step can be attributed to the CO2 gas - liquid mass transfer and the solid-liquid

hydrodynamics. The same authors reported that under their experimental conditions

used, a fraction of a second (0.4 second) is sufficient for dissolution to take place and

to ameliorate pH to a value above 7. Under the conditions of the current study,

presented in Section 4.2, a period of 30 seconds was considered.

4.4.1 Effect of experimental parameters

Figure 4.3 spectacle the effect of reaction temperature on limestone dissolution rate.

It is evident that the dissolution rate is directly proportional to temperature over the

first 4 seconds.The deviation at 40 ◦C can be ascribed to experimental error.

Figure 4.3: Effect of temperature on dissolution of limestone.
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It has been reported in literature (Aydoğan et al. 2007, Xiang et al. 2009) that

chemical reaction controlled processes are reliant in temperature, whereas diffusion

controlled processes are meagerly dependent. Accordingly, temperature plays a piv-

otal role in this study.

The results presented in Figure 4.4 shows that limestone dissolution is depen-

dent on agitation rate until adequately vigorous turbulence is attained (≥ 424 rpm).

The enhancement of species transfer can be ascribed to stirring. This observation is

in agreement with work reported of other researchers who studied effect of stirring

on mass transfer between liquid and suspended solid particles (e.g. limestone) (Car-

letti et al. 2017, Fusi et al. 2012). Carlett et al. (2015a) reported that at a stirring

rate greater than three times the minimum critical impeller speed, agitation does not

affect limestone dissolution.

The dissolution experiments in this investigation were conducted under stirring

rate that does not allow mass transfer to be limiting i.e. under agitation where the

speed of the impeller is greater than twice the critical impeller speed (Carlett et al.

2015a, Carletti et al. 2015b). For the reactive surfaces of particles to be perpetually

exposed to the tempestuousness, particles need to be kept suspended. In this inves-

tigation, the critical impeller speed was estimated using the Zwietering method and

correlation Zwietering (1958).

Figure 4.4: Effect of stirring rate on dissolution of limestone.
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In this investigation, the critical impeller speed was at 150 rpm. Carlett et al.

(2015a) reported that for an agitated vessel operated at impeller speed greater or equal

to three-folds the critical impeller speed (N ≥ 3Njs), stirring does not affect dissolution

of limestone.

The stirring rate of 553 rpm was employed in this study, to ensure that mechan-

ical energy dissipated does not control the mass transfer of species. A stirring rate

higher than 2098 rpm was avoided due the shaking of the experimental set-up.

Convective transportation of species between suspended limestone and liquid

is deemed to be augmented by agitation. Figure 4.5 shows influence of initial HCl

concentration on limestone dissolution rate. When the driving force for limestone

dissolution is gradient of the concentration of H3O+ ions between the limestone par-

ticle surface and the bulk liquid, then low pH (initial HCl concentration) will enhance

the dissolution process.

At low pH (< 4), the concentration of hydronium ions in the bulk liquid is consid-

ered to be much greater than that on the surface of suspended limestone particles,

such that the concentration on the particles surfaces is assumed to be negligible.

This observation and assumption is in concurs with those of Carletti et al. (2015b)

and Ahlbeck et al. (1995).

Figure 4.5: Effect of initial HCl concentration on dissolution of limestone.
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Figure 4.6: Effect of solid-to-liquid ratio on dissolution.

Figure 4.6 shows the experimental results of the concentration of H3O+ ions dur-

ing the dissolution of 1, 2 and 3 g limestone/1.5 × 10−6m3 HClsolution of limestone.

Dissolution was observed to increase as the solid-to-liquid ratio increase.

4.5 Particle size distribution

PSD had been reported to be one of the characteristics that influences limestone

dissolution rate (Carletti et al. 2012). In this study PSD analysis were done before

and after dissolution experiments as shown in Figure 4.7.

Raw limestone is observed to have a sharp peak for 1.13 µm fines, and a bimodal

distribution with maxima at 3.55 and 12.62 µm particles. After dissolution, all parti-

cles that were ≤ 1.5 µm were consumed, whereas other larger particles were reduced.

The depletion of particles less than 1.13 µm can be attributed to effect particle size

on limestone dissolution.

The particles remaining were all less than 71 µm, implying that the standard

percentile diameter values decreased during the dissolution. The reduction (in size)

of larger particles led to the increase a population of particles of 12.62 µm. The PSD

presented in Figure 4.7 shows that the shift is towards the smaller diameters.
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Figure 4.7: Limestone PSD before and after dissolution.

This observation concurs with the results promulgated by Carletti et al. (2015b),

under similar experimental conditions.

4.6 Calcium concentration

ICP-OES was employed to quantify the concentration of Ca2+ ions, as discussed in

Section 4.2, the results are given in Figure 4.8. As discussed in Sub-section 4.3.4,

chemical reaction R4.8 give a stoichiometric ratio of 1:2 for Ca2+:H3O+, and similarly

to Plummer & Busenberg (1982), Shih et al. (2000), Siagi & Mbarawa (2009), Toprac

& Rochelle (1982) and Chan & Rochelle (1982), stoichiometry had been used to es-

timate the concentration of Ca2+ in this investigation. A stoichiometric coefficient

of 2.85 was obtained in this study (Figure 4.8), designating a two-stepped reaction

mechanism. The method sum of least squares regression was employed.
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Figure 4.8: Calcium ICP-OES measurements.

4.7 Results and Discussion: Mass Transfer Coef-
ficients and Chemical Reaction Constants

4.7.1 Mass Transfer Coefficients

The mass transfer coefficient (kl) was estimated following the method presented in

Sub-section (4.3.1). Figure 4.9 presents the kl obtained under varied temperatures.

kl in Equation 4.7 is directly proportional to the diffusivity of species, that is in turn,

a function of temperature (Equation 4.3). Thus kl can be expected to increase with

temperature in Figure 4.9. The observation in this study concurs with that of Carletti

et al. (2015b).
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Figure 4.9: Chemical reaction constants and mass transfer coefficients: Effect
of temperature.

4.7.2 Chemical Reaction Rate Constant

The chemical reaction constant (kr) was estimated by following to the technique pre-

sented in Sub-section (4.3.2). Figure 4.10 presents the obtained kr results under

varied temperatures. This implies that kr can be expected to increase with temper-

ature in Figure 4.10. The order of kl is 100 times bigger than that of kr, indicating

that dissolution was controlled by mass transfer in this study. The observation in

this study concurs with that of Carletti et al. (2015b).

The activation energy of limestone dissolution was estimated from the gradient

of Arrhenius plot (Figure 4.11) using Equation 4.10, i.e. lnkr vs 1/T, that was found

from taking natural logarithmic on both sides of Equation 4.8.

lnkr = lnk1 −
Ea

RT
(4.28)

where k1 is the pre-exponential factor, Ea, is the apparent activation energy, R is

the universal gas constant and T is the temperature in the reactor.
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Figure 4.10: Chemical reaction constants : Effect of temperature.

Figure 4.11: Arrhenius plot.
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Table 4.2: Estimated kinetic parameters.

Parameter kr (m/s) Ea (kJ/mol) k1 (m/s) Kad (m3/mol) T (◦C)
This study 1.52 - 2.60 ×10−5 18.15 2.2×10−2 0.12 25 - 50
Carletti et al. (2015b) (WSS) 1 - 2 ×10−4 21.27 1.16×10−4 0.88 20 - 50
Carletti et al. (2015b) (PSS) - 16.45 3.93×10−4 0.35 25 - 50
Gledhill & Morse (2006) 2.73 - 10.54 ×10−2 21 - - 25 - 82.5
Alkattan et al. (1998) - 19 - - 25 - 80

*Notes:
WSS - Walica Small Sample
PSS - Parainen Small Sample

Low activation energy was observed in this study (18.15 kJ/mol). This obser-

vation is an indicant of chemical reaction mechanism, i.e. mass transfer controlled.

This postulation is in line with the report of Siagi & Mbarawa (2009) that chemi-

cal reactions with activation energies less than 20 kJ/mol are diffusion-controlled,

whereas those between 40 and 80 kJ/mol are surface reaction-controlled.

A panoptic range of activation energies has been blazoned in literature, this

can be attributed to variations in experimental conditions. The obtained apparent

activation energy, in this study, concurs with the values published by other workers

(Alkattan et al. 1998, Barton & Vatanatham 1976, Carletti et al. 2015b, Chan &

Rochelle 1982, Gledhill & Morse 2006, Plummer et al. 1978).

4.7.3 Overall Rate Constant

The total dissolution constant (ktot) was estimated by the reciprocal addition of 1/(kl)

and 1/(kr) according to Equation 4.12, as presented in Section 4.3.3. Table 4.3

present the comparison of ktot obtained through methods presented in Subsections

4.3.1 and 4.3.2 with the model-regressed ktot (Section 4.8). The obtained results were

also compared with those published by Carletti et al. (2015b) on one of their samples.

The calculated values of ktot are comparable with those regressed through the

model. Likewise, the obtained results are commensurate with those of Carletti et al.

(2015b) on one of their sample as shown in Table 4.3. The samples of matlab codes

and regressed fitting plots are given in the Appendices (Appendix B). It is important

to realize that during regression, ktot can be enunciated in terms of kl and kr (as per

Equation 4.12) in the model equations, in case there is a need to regress kl and kr

individually. Likewise, kr, can be expressed according to Equation 4.11 if there is a

need to regress k1 and Ea directly.
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Table 4.3: Overall Rate Constants.

Experiment Identity Calculated kl Calculated kr Fitted kr Calculated ktot Fitted ktot

× 10−2 (m/s) × 10−5 (m/s) × 10−4 (m/s) × 10−5 (m/s) × 10−4 (m/s)
This study 25 ◦C 1.22 1.52 3.39 1.52 3.39
This study 30 ◦C 1.39 1.56 2.96 1.56 2.89
This study 40 ◦C 1.65 2.07 6.72 2.07 6.46
This study 50 ◦C 1.95 2.62 2.59 2.62 2.55
Carletti et al. (2015b) (WLS) 20 ◦C 0.09 - 1.26 1.24a -
Carletti et al. (2015b) (WLS) 30 ◦C 0.105 - 0.13 1.25a -
Carletti et al. (2015b) (WLS) 40 ◦C 0.120 - 0.13 1.25a -
Carletti et al. (2015b) (WLS) 50 ◦C 0.135 - 0.25 2.45a -

*Notes:
a - Estimated using Equation 4.12 from reported kl and reported-fitted kr.
WLS - Walica Large Sample

4.8 Results and Discussion: Modelling and Com-
parison with Experimental Results

One of the contributing factors on the challenges of modelling limestone dissolution

is that, the equilibria, of the chemical reactions that takes place, is reliant on the re-

action pH and temperature, and thus it keeps on changing (Carletti et al. 2015b).For

commensurate assessment of the fitting of the model results (obtained through proce-

dure given in Section 4.3) onto experimental results (obtained through experimental

method given in Section 4.2) , the H3O+ concentrations computed through numerical

models were juxtaposed with the experimental concentrations.

The model H3O+ concentration values were obtained using Equation 4.23, re-

quiring the values of ktot, SA and Kad, that are evaluated according to the procedure

given in Section 4.3.6. The comparison was done with interest on the effects of tem-

perature, acid and calcium carbonate concentration on limestone dissolution. The

discussions given in Sections 4.4 are applicable in this section.

For the influence of temperature on limestone dissolution, a comparison between

the experimental and numerical modelling results is shown in Figure 4.12. Over the

first 2 seconds, a deviation is observed between the experimental and model values.

The model is observed to over-predict the dissolution rate over this period.

In Figure 4.13, the effect of initial HCl concentration on dissolution of limestone

can be observed. It can be seen that the concentration has an important effect on

limestone dissolution, with greater dissolution rates at higher concentration.

Figure 4.14 shows the comparison of model and experimental results for the

dissolution of 1, 2 and 3 g limestone/1.5 × 10−6m3 HClsolution. The model was

observed to give good prediction for 2 and 3 g limestone/1.5 × 10−6m3 HClsolution.
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Figure 4.12: Comparison of model and experimental results: Effect of temper-
ature on dissolution of limestone.

Figure 4.13: Comparison of model and experimental results: Effect of initial
HCl concentration on dissolution of limestone.
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Figure 4.14: Comparison of model and experimental results: Effect of solid-
to-liquid ratio on dissolution.

4.9 Summary

• The objectives of this chapter are:

i. to examine the effect of operating conditions (temperature, agitation, acid

and calcite concentrations) on the dissolution of limestone in the HCl acid

solutions of varied concentrations.

ii. to evaluate the solid-liquid mass transfer coefficient, chemical reaction

constant and overall dissolution constant.

iii. the study also seek to estimate the kinetic parameters of dissolution.

iv. to compare the limestone dissolution experimental and modelling results.

• Experimentation that employs free-drift method was employed to measure the

dissolution rate of limestone.

• Mass transfer-reaction model was employed to model the limestone dissolution

rate.
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5
Mass transfer of SO2 into aqueous solu-
tions of varied pH

Chapter

The integrated model developed (see Chapter 6) requires the knowledge of gas-liquid

mass transfer coefficients, both gas-side and liquid-side. The aim of the work de-

scribed in this chapter involved the determination of both gas-side and liquid-side

mass transfer coefficients of SO2 absorption from simulated flue gas in a agitated

tank reactor whilst employing solutions of various pHs. A NaOH solution was used

in the evaluation of the product of the gas-side mass transfer coefficient and the in-

terfacial surface area and, a HCl solution was used in the evaluation of the product

of the liquid-side mass transfer coefficient and the interfacial surface area. The ab-

sorption of SO2 into water was found to be enhanced by chemical reactions. A mass

balance model based on the two-film theory described the rate of SO2 absorption

satisfactorily.

5.1 Introduction

SO2 emissions, mainly from fossil fuel combustion, poses a threat to the environ-

ment and are a health risk. This led to stringent regulations being set by regulatory

bodies across the world. One of the most commonly used SO2 abating technology is

limestone wet FGD, due to its low costs and efficiency. SO2 absorption is one of the

rate-limiting steps in this process as it directly affects the chemical reaction equilib-

ria. As a result, a good understanding and modelling of SO2 absorption for wet FGD

processes is crucial.

The absorption of SO2 into limestone slurry is rather complicated due to the

chemical reactions and species involved. A lot of work had been done by various

researchers (Bravo et al. 2002, Lancia et al. 1997, 1994b, Olausson et al. 1993,

Sada, Kumazawa & Hashizume 1981, Sada et al. 1983, Sada, Kumazawa, Sawada &

Hashizume 1981, Takashina et al. 2001, Uchida & Ariga 1985, Uchida et al. 1978)

55



CHAPTER 5. MASS TRANSFER OF SO2 INTO AQUEOUS SOLUTIONS
OF VARIED PH

towards understanding the absorption of SO2 into limestone slurries.

WFGD processes had been amply modelled, ever-since the 1980s, through dif-

ferent approaches, namely, statistical approach (Perales et al. 2008, Zhao et al. 2007)

and ontological approach (Brogren & Karlsson 1997c, Kallinikos et al. 2010, Neveux

& Le Moullec 2011) etc. Most models focus on limestone wet FGD processes,as it is

the commonly used technology.

Various models had been developed by different researchers based laboratory

scale experiments. The same laboratory equipment are also used to evaluate some

of the parameters required for modelling. Such models focused on providing infor-

mation for specific aspects and areas of the wet FGD e.g. the reaction plane model,

which is based on the film model,was formulated and used by investigators such as

Sada et al. (1983), Sada, Kumazawa, Sawada & Hashizume (1981), Takashina et al.

(2001), Uchida & Ariga (1985) etc to explain the aspects SO2 absorption and the

chemical reactions and mass transfers that take place in the liquid film.

A model based on two-film theory, that does not consider the dissolution of

limestone, had been used by workers such as Lancia et al. (1997), to evaluate the

rate of SO2 absorption, while coupling the mass transfer and the chemical reactions

in the stagnant film, using the enhancement factor. Mass transfer coefficients (gas-

side and liquid-side) are also commonly evaluated using the same stirred reactor

tanks, simply by changing solutions.

Studies that evaluates the gas-side gas-liquid mass transfer coefficients employ-

ing the absorption of SO2 gas into concentrated NaOH solution are abundant in liter-

ature (Bravo et al. 2002, Chu et al. 2003, Deshwal & Hyung Keun 2009, Lancia et al.

1997, Sada et al. 1979, Takashina et al. 2001, Uchida & Ariga 1985, Uchida et al.

1978), however, most of the workers use the slope of the plot of absorption rate vs

the driving force. This approach does not allow the evaluation of the contribution of

chemical reactions into the total mass transfer of SO2.

There are only few studies that employ the absorption of SO2 gas into HCl acid

solution to evaluate the liquid-side gas-liquid mass transfer coefficients. Most work-

ers employed the absorption of O2 or CO2 in water (Bravo et al. 2002, Deshwal &

Hyung Keun 2009, Takashina et al. 2001, Uchida et al. 1978). Some workers e.g Da-

gaonkar et al. (2001), Sada et al. (1979) and others, N2O-Water systems to evaluate

the liquid-side gas-liquid mass transfer coefficients.

The objective of this part of the study is to evaluate the gas-side and liquid-

side gas-liquid mass transfer employing the method that would allow the evaluation

of the contribution of chemical reactions. Experiments were conducted using an

agitated tank reactor employing SO2/NaOH and SO2/HCl systems for determining

the respective coefficients.

56



CHAPTER 5. MASS TRANSFER OF SO2 INTO AQUEOUS SOLUTIONS
OF VARIED PH

5.2 Experimental

5.2.1 Materials

Sodium hydroxide (NaOH pellets) and hydrochloric acid (HCl, 36.5%) were supplied

by Sigma-Aldrich (South Africa). Carbon dioxide and two simulated flue gases ((2000

ppm SO2, balance N2) and (3000 ppm SO2, 8.0 v/v% CO2, 8.0v/v% O2 and 83.7 v/v%

N2)), were supplied by African Oxygen (Afrox, South Africa).

5.2.2 Apparatus

Details of the apparatus used can be seen in Chapter 4 (Sub-section 4.2.1), the main

difference is how it is used and need for accessories such as gas mass flow controller

and gas analyzer.

Table 5.1: Summary of operating conditions.

Parameter Value/Range Units

Temperature 298.15 - 323.15 K

Gas flow rate 1.67 x 10−5 m3s−1

Water/solution volume 2 x 10−4 – 1.5 x 10−3 m3

Stirring rate 1 - 6 s−1

Brooks-5850 mass flow controller units were used to achieve desired flow-rates.

Effluent SO2 concentration was measured using the gas analyser (X-STREAM GP

Compact 1/2 19” Rack-mount & Portable Gas Analyser), supplied by Rand Instru-

ments (South Africa). The absorption experiments were continuous with respect to

gas phase and batch solution/water. The operating conditions are similar to those

reported in Chapter 4, with exception that Table 5.1 gives the gas flow rates.

5.3 Absorption and Reaction in Aqueous Solutions:
Theory and Modelling

Assumptions

• Gas in the headspace is assumed to be well-mixed, such that the CSO2,headspace ≈
CSO2,outlet.

• The rate of absorption of SO2 is diffusion-controlled.
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• H3O− transfer chemical reactions are instantaneous and they are rate-limiting.

• Convection transportation of species in the gas-side film is insignificant when

compared to convection in the liquid bulk. Similarly, convection does not take

place in the liquid-side film.

• Convection in the bulk gas and in the bulk liquid is fast, such that concentra-

tions of species at respective compartments are the same in all points.

• The gas and liquid at the interphase between the gas and liquid films are in

equilibrium.

5.3.1 Two-film theory model

Figure 5.1 gives a schematic representation of the two-film theory, where the gas and

liquid films at the boundary are indicated to have a definite thickness, although in

reality, the sharp demarcation does not exist.

Figure 5.1: Two-film Theory.

The rate of absorption of SO2 from simulated flue gas is proportional to the

driving potential multiplied by a coefficient(s) that is/are subject to the construction

and size of the apparatus and the operating conditions.

The rate of SO2 transfer across the gas film is directly proportional to the dif-

ference of its partial pressures in the bulk gas and gas-liquid interphase (Equation

5.1)
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NSO2,gas−film = kga(Pbulkgas − Pinterphase) (5.1)

Where kg and a are the gas-side mass transfer coefficient (in mol/m2 · Pa · s)
and gas-liquid interfacial surface area (in m2/m3

liquid),respectively. When pure SO2 is

absorbed, kga is non-existence.

The rate of transfer of species across the liquid film is directly proportional to

the difference of their concentrations in the gas-liquid interphase and bulk liquid

(Equation 5.2)

NSO2,liquid−film = kLa(cinterphase − cliquid) (5.2)

where kL is the liquid-side mass transfer coefficient (in m/s).

The quantities of the respective species contained in the films are insignificant

when compared to those passing through. This due to the thinness of the films. The

species that diffuses through the gas film can be assumed to also diffuse through the

liquid film. The mass transfer resistances are considered to be in series, and the rate

can be given by Equation 5.3

NSO2,overall = Kga(Pbulkgas − Pliquid) = KLa(cbulkgas − cbulkliquid) (5.3)

where Kg and KL are the overall coefficients, given by

Kg =
HSO2

kLkg
HSO2

kL + kg
(5.4)

and

KL =
Kg

HSO2

=
kLkg

HSO2
kL + kg

(5.5)

5.3.2 Evaluation of gas-liquid mass transfer coefficients: Ef-
fect of pH on SO2 absorption

Case I: Evaluation of gas-side mass transfer coefficients (high pH, NaOH
solution)

During SO2 absorption into NaOH solution, the gas molecules diffuse from gas phase

core to the gas-liquid interphase (according to R5.1) and the dissolution in the so-
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lution is considered to take place according to R5.2, due to the equivalence of the

chemical potentials in the phases (Schultes 1998, Wang et al. 2015). The simulated

flue gas used in this study had low SO2 concentration (in the order of ppm), and

thus,the absorption process can be considered to obey the Henry’s law.

Some of the dissolved SO2 molecules would be dissociated according to reac-

tion R5.3, and others react with OH− ion directly, according to reactions R5.6 and

R5.7. The above processes are affected by the dissociation of the water (according

to reaction R5.4), NaOH (according to reaction R5.5), and the products (according

to reactions R5.9 and R5.10) (Schultes 1998, Wang et al. 2015). NaOH solution is

the strong alkaline with high ionization equilibrium constant (Pasiuk-Bronikowska

& Rudziński 1991), because of reaction R5.5, which will render the excess of the

hydroxide ion.

The main reaction steps are:

Diffusion of SO2 through the gas film

SO2 dissolution:

SO2 (g)�SO2 (aq)

(R5.1)

SO2 dissociation:

SO2 (aq) + H2O(l)�H2SO3 (aq)

H2SO3 dissociation:

H2SO3 (aq)�H+ + HSO –
3

(R5.2)

H2O dissociation:

H2O�H+ + OH–

(R5.3)

(R5.4)

NaOH dissociation:

NaOH�Na+ (aq) + OH– (aq)

(R5.5)

SO2(aq) reaction with OH−:

SO2 (aq) + OH–�HSO –
3

(R5.6)
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SO2(aq) reaction with OH−:

SO2 (aq) + OH–�H+ + SO 2–
3

(R5.7)

Consecutive reaction:

HSO –
3 + OH–�H2O(l) + SO 2–

3

(R5.8)

Na2SO3(aq) dissociation:

Na2SO3�2 Na+ + SO 2–
3

(R5.9)

NaHSO3(aq) dissociation:

Na2SO3�Na+ + HSO –
3

(R5.10)

The overall reaction:

SO2 (aq) + 2 OH–�H2O + SO 2–
3

(R5.11)

In line with the reports in literature (Chang & Rochelle 1985, Zidar 2000), the

overall reaction (R5.11) is considered to be instantaneous and irreversible, owing

it to chemical reactions R5.7 and R5.8. High rate constants (> 109 (mol−1 s−1 L))

render chemical reaction R5.7 to be fast. By virtue of being proton transfer, chemical

reaction R5.8 is deemed to be instantaneous (Hikita et al. 1977).

The rates of mass transfer of SO2 into NaOH solution is affected by both diffusion

and chemical reactions (Schultes 1998). Chemical reactions are considered not to

occur in the gas film, and the diffusion of SO2 from the bulk gas to the gas-liquid

interphase can be given by Equation 5.6 (Zidar 2000).

NSO2
= kga(Pbulkgas − Pinterphase) (5.6)

where Pbulkgas is the partial pressure of SO2 in the bulk gas at the overhead-space

(above the NaOH solution) in the reactor and Pinterphase is the partial pressure of SO2

at the gas-liquid interphase.

At very high pH of NaOH solution, SO2(aq) is considered to be instantly spent at

the gas-liquid interphase and therefore the liquid-side resistance can be ignored (Lan-

cia et al. 1997), i.e Pinterphase approaches zero, and Equation 5.6 becomes Equation

5.7.
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NSO2
= kga(Pbulkgas) (5.7)

The product between the gas-side mass-transfer coefficient and the interfacial

area per unit volume (kga) had been estimated from the plot of NSO2
vs Pbulkgas, as a

slope. The results are given in Section 5.4.2, were also compared with the results of

the work of Bravo et al. (2002), Deshwal & Hyung Keun (2009), Lancia et al. (1997),

Takashina et al. (2001), Uchida & Ariga (1985), Uchida et al. (1978) and others, who

followed a similar approach.

When the contribution of chemical reactions is considered, kga can be regressed

from fitting a model onto experimental results. In this study, the model based on

film theory was fitted onto experimental results. The concentrations of Na+, H3O+,

OH−, SO2,aq, SO2,bulkgas, HSO−3 , and SO2−
3 are evaluated on basis of the equilibrium

relationships for the SO2,bulkgas−SO2,aq−HSO−3 −SO
2−
3 −H2O system, the mass balance

equation and the charge balance equation (Zidar 2000). The equilibrium relationships

at the gas-liquid interphase can be given by Equations 5.7 through 5.11.

COH−,interphase =
KW

CH+,interphase
(5.8)

CSO2,interphase = HSO2
· CSO2,bulkgas ·R · T (5.9)

CHSO−3 ,interphase =
KSO2

·HSO2
· CSO2,bulkgas ·R · T

CH+,interphase
(5.10)

CSO2−
3 ,interphase =

KHSO−3
·KSO2

·HSO2
· CSO2,bulkgas ·R · T

(CH+,interphase)2
(5.11)

The equilibrium relationships in the bulk NaOH solution can be given by Equa-

tions 5.12 through 5.15. The equilibrium constants were adopted from Chang &

Rochelle (1985), Pasiuk-Bronikowska & Rudziński (1991), Schultes (1998).

COH−,NaOHSolution =
KW

CH+,NaOHSolution
(5.12)

62



CHAPTER 5. MASS TRANSFER OF SO2 INTO AQUEOUS SOLUTIONS
OF VARIED PH

CSO2,NaOHSolution =
Stotal · C2

H+,NaOHSolution

C2
H+,NaOHSolution +KSO2

· CH+,NaOHSolution +KSO2
·KHSO−3

(5.13)

CHSO−3 ,NaOHSolution =
Stotal ·KSO2

· CH+,NaOHSolution

C2
H+,NaOHSolution +KSO2

· CH+,NaOHSolution +KSO2
·KHSO−3

(5.14)

CSO2−
3 ,NaOHSolution =

Stotal ·KSO2
·KHSO−3

C2
H+,NaOHSolution +KSO2

· CH+,NaOHSolution +KSO2
·KHSO−3

(5.15)

As the pH of the NaOH decreases, the quantity of SO2 becomes significant, and

SO2 absorption rate can be given by Equation 5.16

NSO2
=
CSO2,bulkgas ·R · T −HSO2

· CSO2,NaOHSolution

1
kga

+
HSO2

E·kLa

(5.16)

where HSO2
is the Henry’s constant and E is the enhancement factor for SO2

absorption into NaOH solution, defined as the ratio between the absorption of SO2

with and without chemical reaction, and is calculated using Equation 5.17 (Zidar

2000)

E = 1 +
D

HSO
−
3

DSO2

(C
HSO

−
3

,interphase
−C

HSO
−
3

,NaOHSolution
)

(CSO2,interphase–CSO2,NaOHSolution)
+

D
SO

2−
3

DSO2

(C
SO

2−
3

,interphase
−C

SO
2−
3

,NaOHSolution
)

(CSO2,interphase–CSO2,NaOHSolution)

(5.17)

where DSO2
, DHSO−3

and DSO2−
3

are the diffusivities of SO2, HSO−3 and SO2−
3 ,

respectively. The temperature dependent diffusivities were adopted from Boudreau

(1997).

The mass balance equations (Equations 5.18 through 5.22) that were developed

based on chemical reactions R5.1 through R5.11, equilibrium constants, electroneu-

trality etc. For SO2 in gas phase:

dCSO2

dt
=

1

VHeadspace
· (F · CSO2,inlet − F · CSO2,bulkgas)−

VNaOHSolution

VHeadspace
·NSO2

(5.18)

Total sulphur balance:
dCStotal

dt
= NSO2

(5.19)
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Total Sodium balance:
dCNa+

total

dt
= RNaOH (5.20)

Sodium hydroxide dissolution

dCNaOH

dt
= RNaOH (5.21)

Electroneutrality in the NaOH solution

CH+,NaOHSolution + CNa+,NaOHSolution = CHSO−3 ,NaOHSolution + 2 · CSO2−
3 ,NaOHSolution + COH−,NaOHSolution

(5.22)

Case II: Evaluation of liquid-side mass transfer coefficients (low pH HCl
solution)

When SO2 in a simulated flue gas is absorbed into a solution at low pH (< 2), dis-

sociation of SO2(aq) is insignificant. Consequently, SO2 is considered to be physical,

however, both gas-side and the liquid-side resistances are important Lancia et al.

(1997). Equation 5.23 can be used

NSO2
=
Pbulkgas −HSO2

CSO2,HClsolution

1
kga

+
HSO2

kLa

(5.23)

When the small contribution of chemical reactions is considered (supposedly at

the initial stages of SO2 absorption into HCl solution), the mechanisms proposed by

Krissmann et al. (1998, 1997), Zimmermann et al. (2009) can be followed. Reactions

R5.1 through R5.4 are applicable in Case II, the additional chemical reactions are

given below (reactions R5.12 and R5.13). The dissociation of HCl (a strong acid) is

assumed to run to completion according to reaction (R5.12).

At the low pH in this study, the formation of SO2−
3 (from dissociation of HSO−3 )

and OH− (from dissociation of H2O) were neglected.In this study, the formation of

a complex (SO2Cl−) in reaction R5.13 was proposed based the work of Khan et al.

(1978), Krissmann et al. (1998), Salama et al. (1971), Wedzicha & Webb (1996), Zim-

mermann et al. (2009). The equilibrium relationships and other relationships are

presented in Equations 5.24 to 5.33. The equilibrium constants for reactions R5.12
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through R5.14 were adopted from Goldberg & Parker (1985) and that of reaction

R5.13 was adopted from Krissmann et al. (1998).

HCl dissociation:

HCl (aq)�H+ (aq) + Cl– (aq)

Ion complex (SO2Cl−):

SO2 (aq) + Cl– (aq)�SO2Cl– (aq)

(R5.12)

(R5.13)

The equilibrium relationships at the gas-liquid interphase can be given by Equa-

tions 5.24 through 5.28.

COH−,interphase =
KW

CH+,interphase
(5.24)

CSO2,interphase = HSO2
· CSO2,bulkgas ·R · T (5.25)

CHSO−3 ,interphase =
KSO2

·HSO2
· CSO2,bulkgas ·R · T

CH+,interphase
(5.26)

CSO2−
3 ,interphase =

KHSO−3
·KSO2

·HSO2
· CSO2,bulkgas ·R · T

(CH+,interphase)2
(5.27)

Cl balance at the gas-liquid interphase can be given by Equation 5.28

CCl,interphase = CHClInitial,interphase–CSO2Cl−,interphase (5.28)

The equilibrium relationships in the bulk HCl solution can be given by Equations

5.29 through 5.33.

COH−,HClSolution =
KW

CH+,HClSolution
(5.29)
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CSO2,HClSolution =
Stotal · C2

H+,HClSolution

C2
H+,HClSolution +KSO2

· CH+,HClSolution +KSO2
·KHSO−3

(5.30)

CHSO−3 ,HClSolution =
Stotal ·KSO2

· CH+,HClSolution

C2
H+,HClSolution +KSO2

· CH+,HClSolution +KSO2
·KHSO−3

(5.31)

CSO2−
3 ,HClSolution =

Stotal ·KSO2
·KHSO−3

C2
H+,HClSolution +KSO2

· CH+,HClSolution +KSO2
·KHSO−3

(5.32)

Cl balance in the bulk HCl solution can be given by Equation 5.33

CCl,HClSolution = CHClInitial,HClSolution–CSO2Cl−,HClSolution (5.33)

The mass balance equations (Equations 5.34 through 5.38 ) used to calculate

SO2(g), Stotal, H+, Cl− and SO2Cl−, were developed in consideration of chemical reac-

tions R5.12 through R5.13, equilibrium relationships, electroneutrality etc.

SO2 in gas phase
dCSO2

dt
=

1

VHeadspace
· (F · CSO2,inlet − F · CSO2,bulkgas)−

VHClSolution

VHeadspace
·NSO2

(5.34)

Total sulphur balance
dCStotal

dt
= NSO2

−RSO2Cl−,HClSolution (5.35)

Total chloride balance
dCCl−total

dt
= RHCl −RSO2Cl−,HClSolution (5.36)

Hydrochloric acid dissociation
dCHCl

dt
= RHCl (5.37)

Complex formation
dCSO2Cl−

dt
= RSO2Cl−,HClSolution (5.38)

Similarly to Case I in Subsection 5.3.2, the rates of reactions for species i (where

i = HCl and SO2Cl
−) were calculated employing Equations 5.37 and 5.38, where they

are expressed in terms of the forward reaction constants and equilibrium constants

according to Chen et al. (2009). The respective constants were adopted from litera-

ture (Chen et al. 2011, Goldberg & Parker 1985, Krissmann et al. 1998, Schwartz &

Freiberg 1981, Tanaka 2010).
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Case III: Intermediate pH (Deionised Water)

The absorption of SO2 into water involves physical absorption and hydrolysis reac-

tions (Eriksen 1969). The equilibrium at gas-liquid interphase can be described by

Henry’s law. When SO2 from flue gas is absorbed into water, both the gas- and liquid-

films are important.The rate of SO2 absorption can be given by Equation 5.39

NSO2
=
Pbulkgas −HSO2

CSO2,water

1
kga

+
HSO2

EkLa

(5.39)

where E is the enhancement factor, and is given by Equation 5.40

E =
DSO2 (CSO2,int−CSO2,water)+D

HSO
−
3
(C

HSO
−
3

,int
−C

HSO
−
3

,water
+D

SO
2−
3

(C
SO

2−
3

,int
−C

SO
2−
3

,water
)

DSO2 (CSO2,int−CSO2,water)

(5.40)

The mechanisms proposed by Chen et al. (2011), Falk & Giguère (1958), Hikita

et al. (1978), Terraglio & Manganelli (1967) were followed in this study. Chemical

reactions R5.1 through R5.4 are applicable in this study, with additional reactions

being R5.17 and R5.18. Since SO2 dissociates in water (reaction R5.2), Henry’s law

does not apply to the Stotal, but rather to the concentration of SO2(aq) in reaction

R5.1.

HSO−3 dissociation:

HSO –
3 (aq)�H+ (aq) + SO 2–

3 (aq)

(R5.17)

Diffusion of dissolved chemical species in liquid film

Chemical reaction of diffused species:

SO2 (aq) + SO 2–
3 (aq) + H2O(l)�2 HSO –

3 (aq)

(R5.18)

Both the first and second dissociations had been reported to be fast processes by

various workers (Carmichael & Peters 1979, Eriksen 1969, Hikita et al. 1978, Yates &

Best 1976). At 20 ◦C, the forward and reverse rate constants of the first dissociation

had been reported to be of the order of 106 s−1 and 108 L· mol−1s−1, respectively.

Similarly,104 s−1 and 1011 L· mol−1s−1, for the second dissociation (Beilke & Lamb

1975). Therefore, on the time scale of the diffusion processes, the equilibrium can be

treated as being instantaneously established (Lynn et al. 1955).

The equilibrium relationships at the gas-liquid interphase can be given by Equa-

tions 5.41 through 5.45.
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COH−,interphase =
KW

CH+,interphase
(5.41)

CSO2,interphase = HSO2
· CSO2,bulkgas ·R · T (5.42)

CHSO−3 ,interphase =
KSO2

·HSO2
· CSO2,bulkgas ·R · T

CH+,interphase
(5.43)

CSO2−
3 ,interphase =

KHSO−3
·KSO2

·HSO2
· CSO2,bulkgas ·R · T

(CH+,interphase)2
(5.44)

Electroneutrality at the gas−liquid interphase can be given by Equation 5.45

CH+,interphase = CHSO−3 ,interphase + 2 · CSO2−
3 ,interphase + COH−,interphase (5.45)

The equilibrium relationships in bulk water can be given by Equations 5.46

through 5.50.

COH−,water =
KW

CH+,water
(5.46)

CSO2,water =
Stotal · C2

H+,water

C2
H+,water +KSO2

· CH+,water +KSO2
·KHSO−3

(5.47)

CHSO−3 ,water =
Stotal ·KSO2

· CH+,water

C2
H+,water +KSO2

· CH+,water +KSO2
·KHSO−3

(5.48)

CSO2−
3 ,water =

Stotal ·KSO2
·KHSO−3

C2
H+,water +KSO2

· CH+,water +KSO2
·KHSO−3

(5.49)

Electroneutrality in the bulk water can be given by Equation 5.50
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CH+,water = CHSO−3 ,water + 2CSO2−
3 ,water + COH−,water (5.50)

The mass balance equations (Equations 5.51 and 5.52 ) used to calculate SO2(g),

Stotal, H+, Cl− and SO2Cl−, were developed in consideration of chemical reactions

R5.12 through R5.13, equilibrium relationships, electroneutrality etc.

SO2 in gas phase:

dCSO2

dt
=

1

VHeadspace
· (F · CSO2,inlet − F · CSO2bulkgas)−

Vwater

VHeadspace
·NSO2

(5.51)

Total sulphur balance:

dCStotal

dt
= NSO2

(5.52)

5.4 Results and discussion

5.4.1 Absorption and reaction in aqueous solutions

The experiments for the absorption of SO2 into aqueous solutions and limestone

slurry were conducted using the material, apparatus, methods and operating con-

ditions presented in Sections 5.2 respectively. Figures 5.2 through 5.4 presents the

results of SO2 absorption, obtained whilst varying solutions and operating conditions.

Figures 5.2 and 5.3 present the concentration of SO2 in the effluent stream

and the pH of respective solutions, respectively. The SO2 were observed to increase

steadily in the cases of solutions with low initial pH solution (1 M HCl solution,

pHInitial ≈ 0, at 50 °C) and intermediate initial pH solution (deionized water, pHInitial

= 7 at 50 °C). This can be attributed to poor dissociation of aqueous SO2, indicating

that the absorption is diffusion controlled. The concentration of SO2 in the effluent

stream has been observed to remain between 0.018 and 0.022 mol/m3 over a period

of 49.9 hours, in the case of high initial pH solution (0.1 M NaOH solution, pHInitial

= 9.13). This can be attributed to high (initially instantaneous) dissociation rates of

SO2, as also reported by Schultes (1998), Wang et al. (2015) and Vázquez et al. (1988)

.
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Figure 5.2: Concentration of effluent SO2: Effect of initial pH.

No further increase in the concentration of SO2 (in the effluent stream) was ob-

served after 2.7 hours (in the case of HCl solution), 8.7 hours (in the case of deionized

water) and 49.9 hours (in the case of NaOH solution), indicating that saturation or

equilibrium condition had been reached. For water case, the results were in agree-

ment to those reported by Terraglio & Manganelli (1967) and Al-Enezi et al. (2001)

.

The pH during the absorption of SO2 into HCl solution was observed to be nega-

tive, a similar observation was made by Zimmermann et al. (2009). The pH values of

water were observed to decrease rapidly during the absorption SO2 in the first 1.15

hours. Similar results were reported by Terraglio & Manganelli (1967) and Al-Enezi

et al. (2001) . The pH of NaOH solution was observed to be greater than 12 for a

period of 9.4 hours. Lee et al. (2001) reported a pH values of 13.41 – 13.51 for 0.33

– 0.4 NaOH solutions at 22 °C. The water pH results in Figure 5.3 are in agreement

with those of Al-Enezi et al. (2001) and Sharma et al. (2012). The later reported a

pH drop from 12.57 to 4.75 over a period of 75 minutes under their experimental

conditions.

The transient effluent SO2 concentration profiles for the water case at 25 °C and

50 °C are given in Figure 5.4. The absorption rate and quantity was observed to be

higher at higher temperature (50 °C). This can be attributed to the higher average

kinetic energy possessed by SO2 gas molecules at higher temperatures, leading to

higher diffusion.
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(a) HCl Solution (b) Water

(c) NaOH Solution

Figure 5.3: Transient pH of aqueous solutions.

Figure 5.4: Concentration of effluent SO2: Effect of temperature (Water Case).
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This observation is consistent with the argument presented above, i.e. the ab-

sorption of SO2 into water is diffusion-controlled, and concurs with the work reported

by Terraglio & Manganelli (1967) and Al-Enezi et al. (2001).

SO2 solubility function in water had been reported to have a second-order de-

pendence on the temperature by Al-Enezi et al. (2001), who investigated the solubility

of SO2 in distilled water, sea water and blends over a temperature range of 10 – 40 °C

under atmospheric pressure.

5.4.2 Absorption and reaction in aqueous solutions: Gas-
Liquid Mass Transfer Constants

Case I Results and Discussion: Evaluation of gas-side mass transfer coef-
ficients (High pH NaOH solution)

kga was evaluated as per method given in Sub-section 5.3.2 i.e from the absorption of

SO2 from SO2/N2 mixture into high pH solution (0.1 kmol/m3 NaOH solution).Since

in relatively concentrated NaOH solution, the dissolved SO2 reacted instantaneously

and irreversibly with the liquid phase reactant at the gas-liquid interphase, conse-

quently, the liquid phase mass transfer resistance is considered to be negligible.

Figure 5.5 presents the obtained results, the slopes are on insert tables in the

respective sub-figures. The values of kga were taken as the slope from the plot of rate

of SO2 absorption vs the driving force. Table 5.2 compares the gas-side mass transfer

coefficient obtained in this study with those of other researchers. Takashina et al.

(2001) and Uchida et al. (1978) evaluated the gas-liquid interfacial surface employing

the absorption of CO2 gas into NaOH solution, due to the nature of the chemical

reaction involved, i.e. irreversible pseudo-first-order-reaction (Uchida et al. 1978,

Yoshida & Miura 1963). The knowledge of interfacial area enabled the researchers to

report the gas-side mass transfer coefficients separately. In this study, the product

of the gas-liquid interfacial surface area and the gas-side mass transfer coefficient

were reported, and for consistent comparison, the literature gas-side mass transfer

coefficients were multiplied by their respective gas-liquid interfacial surface areas.

Researchers such as Deshwal & Hyung Keun (2009), Bravo et al. (2002), Takashina

et al. (2001), Lancia et al. (1997),Uchida & Ariga (1985), Uchida et al. (1978), Sada

et al. (1979), Uchida et al. (1978) etc. developed empirical correlations to calculate

the gas-side mass transfer coefficients. The correlations are dependent on the stirring

rates, indicating that the gas-side mass transfer coefficients is a function of the gas

film thickness. Therefore, workers such as Bravo et al. (2002) and Takashina et al.

(2001) evaluated the gas film thickness. Deshwal & Hyung Keun (2009) conducted

experiments over a range of gas flow rates, the same authors developed an empirical
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(a) kga at 141 rpm (b) kga at 192 rpm

(c) kga at 243 rpm (d) kga at 295 rpm

Figure 5.5: Determination of gas-side mass transfer coefficient (at 50 ◦C).

Table 5.2: Comparison of the product interfacial area and gas-side mass
transfer coefficients with literature.

Study Stirring rate (rpm) Temperature (◦C) System kga (mol/m3·s·Pa)

This study 141 - 295 50 SO2-NaOH solution 4,28 ×10−4 - 5.17 ×10−4

Bravo et al. (2002) 400 20 - 40 SO2-NaOH solution 9,39 ×10−7 - 7,49 ×10−7

Takashina et al. (2001) 1000 - 1500 50 SO2-NaOH solution 7.75 ×10−1 - 1.16

Lancia et al. (1997) 300 - 900 25 SO2-NaOH solution 4,84 ×10−4 - 1.01 ×10−4

Uchida et al. (1978) 91 - 391 20 SO2-NaOH solution 2,18 ×10−5 - 6.37 ×10−5

correlation that is dependent on both stirring speed and gas flow rate. The kga range

in this study is comparable with that of Lancia et al. (1997) and Uchida et al. (1978),

the difference with other researchers can be attributed to a experimental conditions.

The results reported in this section are compared with the value obtained through
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model fitting in Chapter 6, i.e. when considering the contribution of chemical reac-

tions.

Case II Results and Discussion: Evaluation of liquid-side mass transfer
coefficients (low pH HCl solution)

kLa was estimated as per method presented in Sub-section 5.3.2 , i.e. by absorbing

SO2 from SO2/N2 mixture into 1 kmol/m3 HCl solution.

(a) kLa at 141 rpm (b) kLa at 192 rpm

(c) kLa at 243 rpm (d) kLa at 295 rpm

Figure 5.6: Determination of liquid-side mass transfer coefficient.

Figure 5.6 presents the obtained results, the slopes are on insert tables in the

respective sub-figures. The values of kLa were evaluated from the slope from the plot

of rate of SO2 absorption vs the driving force, in conjunction with kga determined in

Case I above, whilst employing Equation 5.23. Table 5.3 compares the liquid-side

mass transfer coefficient obtained in this study with those of other researchers. It

can be seen that the most commonly used systems are the O2 systems. Under the
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O2-water system, the gas phase mass transfer resistance can be neglected because

due to low solubility of O2 in water and that O2 concentration in atmospheric air is

as high as 20 percentage by volume (Deshwal & Hyung Keun 2009).

Table 5.3: Comparison of liquid-side mass transfer coefficients product.

Study Stirring rate (rpm) Temperature (◦C) System kLa (1/s)

This study 141 - 295 50 SO2-HCl acid solution 7,26 ×10−2 - 1.04 ×10−1

Bravo et al. (2002) 400 20 - 40 Calculated 2.95 ×10−5 - 3.62 ×10−5

Takashina et al. (2001) 150 - 250 50 O2-water 1,25 ×10−3 - 3.87 ×10−3

Lancia et al. (1997) 300 - 900 25 SO2-HCl acid solution 5.31 ×10−3 - 1.20 ×10−1

Uchida & Ariga (1985) 153 20 O2-water 2,30 ×10−1

Uchida et al. (1978) 91 - 391 20 O2-water 2,37 ×10−1 - 1.06

Investigators such as Deshwal & Hyung Keun (2009) and Sada et al. (1979),

developed empirical correlations to calculate the liquid-side mass transfer coeffi-

cients,which are dependent on the stirring rates, indicating that the liquid-side mass

transfer coefficients is a function of the gas film thickness. On the same basis as

given in Case I above, Deshwal & Hyung Keun (2009) developed an empirical cor-

relation to calculate kLa, which is dependent on gas flow rate and stirring speed.

The kLa obtained in this study is comparable those reported by Lancia et al. (1997),

Uchida & Ariga (1985) and Uchida et al. (1978). The results reported in this section

are compared with the value obtained through model fitting in Chapter 6, i.e. when

considering the contribution of chemical reactions.

For better comparison of results from different apparatus, the operation that

will give identical interfacial mass transfer and hydrodynamics must be calculated

for respective apparatus, e.g. using the hydrodynamics and interfacial contact of a

slurry droplet in the sprayer as a reference.

The commonly considered characteristics of a mechanically agitated reactor are

hydrodynamic, heat and mass transfer. The typical hydrodynamic properties include

flow patterns (velocity field and turbulence), power consumption in the presence of

gas and solid particle suspension. The empirical equations recommended by Joshi

et al. (1982) for flow patterns are dependent of stirrer blades (namely, disk turbine,

pitched blade turbine and propeller).

For the power consumption in the presence of gas, the Hughmark equation

Hughmark (1980) has been recommended. In the absence of gas, the Zweitering

equation (Zwietering 1958) has been recommended for solid particle suspension,

whereas in the presence of gas, the procedure given by Subbarao & Taneja (1979)

had been recommended by Joshi et al. (1982).
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In addition to the interphase mass transfer, the extend of mixing is also con-

sidered to be very important and is dependent on design variables, namely, impeller

diameter, impeller clearance and impeller blade width. The equations for mixing

times in the presence and in the absence of gas had been recommended by Joshi

et al. (1982). For cases where both kg and kL are important and mass transfer is

accompanied by chemical reaction (as in this study), the determination of the inter-

facial surface area becomes very important and should be evaluated experimentally

separately or combined with kg and/or kL.

5.5 Chapter 5 Summary

Depending on the pH of the solution, the absorption of SO2 from flue gas is controlled

by the gas-side film resistance or liquid-side film resistance or both films, e.g., gas

film resistance dominated SO2 absorption into high pH solutions whereas both the

gas-side film and liquid-side film resistances were important during SO2 absorption

into water (intermediate pH) and liquid-side film resistance dominated the absorption

into low pH solution.

• Experiments were conducted to measure the absorption of SO2 into aqueous

solutions over a wide range of pH values (0≤ pH ≥ 12.4).

• The experimental results of SO2 absorption into aqueous solution of high pH

(NaOH solution) were employed to evaluate kga. The results for absorption into

low pH (HCl solution) were used to evaluate kLa.

• Two methods of evaluating the gas-liquid mass transfer constants were com-

pared, namely, commonly used gradient method (from a plot of absorption rate

vs driving force) and regression method (fitting a model to experimental results).

• Experiments of absorption of SO2 into water were also performed. The results

thereof were employed to test the validity of the determined mass transfer con-

stants.
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6
Integrated model of SO2 absorption
into limestone slurry

Chapter

The aim of this study is to develop an integrated model for SO2 absorption into lime-

stone slurry consisting of four sub-models, namely, absorption of SO2; desorption

of CO2; dissolution of limestone and crystallization of calcium sulphite hemihydrate.

The model requires information obtained in Chapters 2 through 5. The model also

requires the development of numerical algorithm to solve a set of differential and

algebraic equations, and the output also needs to be experimentally validated. The

secondary objective is to compare the results with published work done by other

workers. Laboratory experiments were also conducted under varied experimental

conditions, namely, solids concentration, gas concentration and temperature. Model

predictions were compared with experimental transient data for the concentrations of

SO2 in the bulk gas (head-space), pH of the bulk slurry and concentrations of CaCO3

and CaSO30.5H2O in the bulk slurry.

6.1 Introduction

SO2 pollution are deleterious to mankind’s health and to the environment. There are

numerous sources of SO2 emissions, with the major ones being electricity produc-

tion plants (e.g. coal- and oil-fired), paper-pulp production and so forth. Ways of

abatement of SO2 emission are discussed in Chapter 1, Sub-section 1.1.2, where it is

evident that SO2 absorption in suspensions or solutions dominates.

For suspensions based technologies, wet scrubbers (e.g. open spray towers ,

packed towers, double-loop towers and so forth) dominates (Takeshita & Soud 1993).

(Kiil et al. 1998) reported that the most used and researched WFGD is the counter-

current spray tower.

A number of simulations studies on WFGD had been given in literature e.g.

Kallinikos et al. (2010),Neveux et al. (2014),Zeng et al. (2007),Olausson et al. (1993)
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and others. The most common inputs into those models are flow rates and concen-

trations. The models can be of any nature e.g. empirical, fundamental and so forth.

A plethora of reports (experimental and theoretical) on SO2 into limestone slur-

ries in an agitated vessels are blazoned in literature e.g. in Uchida & Ariga (1985),

Uchida et al. (1978), Uchida & Wen (1977), Uchida et al. (1975), Uchida & Wen (1973),

Sada et al. (1983), Sada et al. (1982), Sada, Kumazawa & Hashizume (1981), Sada

et al. (1980), Sada et al. (1979), Sada et al. (1977) and so forth.

Theoretical interpretation of gas absorption into slurries comprising of reac-

tive fine particles are complex, particularly when the slurry contain micro-particles.

The pioneering theoretical study on this subject was performed by Ramachandran

& Sharma (1969) with the attentiveness in meagrely soluble reactive fine particles.

The same authors proposed two rate equations that were based on whether the dis-

solution of solid particles in the liquid film is significant or not.Uchida et al. (1978)

amended the equations of Ramachandran on the basis of experimental observance

that limestone dissolution in the liquid film augments SO2 absorption.

Studies that provide models that integrate the rate limiting steps of the absorp-

tion of SO2 into limestone in stirred tank reactors (semi-batch and batch processes)

are scarce in literature. The aim of this chapter is to develop an integrated model for

SO2 absorption into limestone slurry in an agitated vessel while considering the rate

of SO2 absorption, limestone dissolution, CO2 desorption and CaSO30.5H2O crystal-

lization. The specific objectives include experimental validation of the respective sub-

models (SO2 absorption, limestone dissolution, CO2 desorption and CaSO30.5H2O

crystallization) and then testing the validity of the model under various experimental

conditions, specifically , temperature,limestone loadings and SO2 concentration.

The novelty in this chapter involves transient evaluation of SO2 absorption pro-

cess (through modelling and experimentation in a stirred tank reactor operated with

continuous gas flow and a batch slurry) over long period (>50 hr), so as to enable

the process transition from high pH regime, through intermediate regime, to low

pH regime. The development and validation of an integrated model for the above-

mentioned process is also considered to be novel.

6.2 Experimental

6.2.1 Materials

Details of the limestone that was used in this study (origin, motivation for selec-

tion and preparation) are given in Chapter 3,Sub-Section 3.1.1. Specifications and

suppliers of other materials used (e.g simulated flue gas) are given in Chapters 4
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(Sub-section 4.2.1) and 5 (Sub-section 5.2.1).

6.2.2 Apparatus

Details of the reactor used are in Chapter 4, Sub-section 4.2.2. Details of methods of

its use as well as the required accessories included in Chapter 5 (Sub-section 5.2.2),

with the exception being that, in this chapter, simulated flue gas is passed over 1500

cm3 slurry with a flat interface. The absorption of SO2 (from simulated flue gas) into

limestone slurry is determined by measuring the concentration of SO2 in the effluent

flue gas using the gas analyser (X-STREAM GP Compact 1/2 19” Rack-mount &

Portable Gas Analyser), supplied by Rand Instruments (South Africa). Metrohm 691

pH meter and a unitrode with Pt 1000 (supplied by Metrohm South Africa) were

employed for pH measurement. Methods for determining transient concentrations of

CaCO3 and CaSO30.5H2O are given in Sub-section 6.2.3.

6.2.3 Methods

Details of characterization techniques used to analyse limestone (chemical, mineral

and structural analyses) and the results thereof are reported in Chapter 3. The

procedure and operating conditions of Chapter 5 are applicable in this chapter. Slurry

samples were withdrawn at pre-determined time intervals. The samples were sieved,

and both the aliquot and solids were subjected various analysis, namely, the aliquot

was analysed using the inductively coupled plasma optical emission spectrometer

(ICP Expert II, Agilent Technologies 720 ICP-OES) and the relative phase amounts

(weight %) in the solids was estimated using the Rietveld method (Autoquan program)

measurements by XRD based on the effect of the crystalline structure of minerals on

X-rays.

6.3 Integrated model

Following the approach employed by Kiil et al. (1998) on modelling the pilot plant,

a model for a batch process in an agitated vessel is developed in this study, and is

considered to be comprised of the following sub-models:

i SO2 Absorption,

ii Dissolution of limestone,

iii CO2 desorption, and

iv Crystallization of hannebachite.
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The electrolytic thermodynamics has an impact on chemical absorption of SO2

into limestone slurry, however as the activity coefficient approach 1, ideal conditions

can be assumed. For SO2-water system, the activity coefficients reported by Abdul-

sattar et al. (1977) for SO2, CO2, H+, HSO−3 , HCO−3 and SO2−
3 at 25◦C are 0.98, 1.13,

0.795, 0.56, 0.543 and 0.104, respectively.

WFGD solution is a complex mixture with numerous ions and saturated salts

in equilibrium with solid, despite that, workers such as Desch et al. (2006), Kiil

et al. (1998), Zhong et al. (2008) and so forth, assumed ideal solutions. Some work-

ers, e.g.Neveux & Le Moullec (2011) considered non-ideal conditions and reported a

desulphurization efficiency difference of approximately 13% between an ideal solution

model (activity coefficient equal to unity) and the Debye-Hückel solution model.

Solutions in laboratory scale stirred tank reactors are less complex than those

in industrial scale, and despite the advantages of extrapolability and accuracy of

non-ideality, workers such as Lancia et al. (1997), Uchida & Ariga (1985), Uchida

et al. (1978) and so forth, assumed ideal solutions. Some workers, e.g. Bravo et al.

(2002) considered non-ideal conditions. For simplicity, ideal solution is assumed

in this study and the following species were considered : SO2(g), SO2(aq), HSO−3 ,

SO2−
3 ,CO2(g), CO2(aq), HCO−3 , CO2−

3 , H+, OH−, CaCO3, CaSO30.5H2O and Ca2+.

The developed model is still open for improvements, e.g., the model is still to

incorporate design and operational empirical relations for it to be applicable on other

systems and geometries, improvements for the model to cater for both ideal solutions

and non-ideal solutions, detailed hydrodynamics and so forth.

6.3.1 Chemical Reaction Mechanism

The reaction mechanism of SO2 chemical absorption into limestone slurry has been

given by various workers, namely, Nannen et al. (1974), Rochelle & King (1977),

Takashina et al. (2001),Uchida & Ariga (1985), Uchida et al. (1978) and others.

Among the many reactions involved, the major reactions and processes include

SO2 diffusion in the film and subsequent chemical reactions, and limestone dissolu-

tion. The main reaction steps are:

Diffusion of SO2 through the gas film

SO2 hydration:

SO2 (g)�SO2 (aq)

(R6.1)
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SO2 reaction:

SO2 (aq) + H2O(l)�H2SO3 (aq)

H2SO3 dissociation:

H2SO3 (aq)�H+ + HSO –
3

(R6.2)

HSO−3 dissociation:

HSO –
3�H+ + SO 2–

3

(R6.3)

Limestone hydration:

CaCO3(s) CaCO3 (aq)

(R6.4)

(R6.5)

CaCO3(aq) dissociation:

CaCO3 (aq)�Ca2+ + CO 2–
3

(R6.6)

CO2−
3 protonation:

H+ + CO 2–
3 (aq)�HCO –

3

(R6.7)

HCO−3 protonation:

H+ + HCO –
3�H2CO3 (aq)

(R6.8)

CO2(g) desorption

H2CO3 (aq)�CO2 (g) + H2O(l)

(R6.9)

Diffusion of dissolved chemical species in liquid film

Chemical reaction of diffused species:

SO2 (aq) + HCO –
3�HSO –

3 + CO2 (g)
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Chemical reaction of diffused species:

SO2 (aq) + SO 2–
3 + H2O(l)�2 HSO –

3

(R6.10)

Chemical reaction of diffused species:

CO 2–
3 + HSO –

3�HCO –
3 + SO 2–

3

(R6.11)

(R6.12)

Chemical reaction of diffused species:

Ca2+ + SO 2–
3 + 0.5 H2O(l)�CaSO30.5 H2O(s)

(R6.13)

SO2 diffuses through the gas-liquid film and react with water according to re-

action R6.1 and R6.2. When the concentration of SO2 is low,in the order of ppm,

as it is the case in this study, R6.1 and R6.2 are important Uchida et al. (1978),

because resistance to diffusion is considered to be significant. The produced H2SO3

subsequently dissociates to produce HSO−3 , according to R6.3, which also dissociates

subsequently (R6.4), to produce SO2−
3 .

In parallel to reactions R6.1 through R6.4, hydrated CaCO3 dissociates accord-

ing to R6.6. The solubility and dissolution of CaCO3 are strongly affected by the

species available in the bulk slurry (e.g sulphites,carbonates and protons) and the

partial pressure of CO2 in the overhead (Uchida et al. 1978). The produced CO2−
3 is

protonated to produce HCO−3 , which is subsequently protonated to H2CO3.

Thereafter, CO2 gas is desorbed according to R6.9. Chemical reactions R6.7 and

R6.8 had been reported to enhance the dissolution of CaCO3 (Barton & Vatanatham

1976, Uchida & Ariga 1985). The available species in the liquid film and bulk reacts

according to R6.10 to R6.12. CaSO3 produced by the reaction of Ca2− with SO32−

combines with 0.5 H2 moles to form hannebachite according to R6.13. The overall

reaction is considered to take place according to R6.14 (Uchida et al. 1978).

Overall reaction :

CaCO3(s) + SO2 (g) + H2O(l) CaSO30.5 H2O(s) + CO2 (g)

(R6.14)

Reactions R6.2, R6.3, R6.10 and R6.11 have been reported to be fast by Chang

& Rochelle (1981) and Liu & Xiao (2006). Chemical reactions R6.4, R6.7 and R6.8

are based on proton transfer, and had been reported to be even faster than reaction

R6.2, and are therefore considered to be instantaneous (Liu & Xiao 2006). Conse-
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quently, instantaneous equilibrium is assumed for reactions (R6.3), (R6.4), (R6.5),

(R6.8), (R6.9), (R6.11) and (R6.12) throughout the liquid film. Chemical reaction

R6.4 have low dissociation constant, and is thus negligible at low pH. Hannebachite

(produced according to reaction R6.14) has low solubility, and will thus precipitate

(Uchida et al. 1978).

6.3.2 Sub-model I: SO2 Absorption

Following the discussion in Chapter 5, Section 5.3, absorption of SO2 into a slurry

is considered to be controlled by both gas and liquid films. In this study, SO2 is

absorbed into a slurry in a stirred tank reactor (batch) over a long period (>50 hour),

such that the pH changes from high (e.g pH of 8.13 for slurry with initial limestone

loading of 0.5 wt %) to low pH (e.g pH of 2.62 for slurry with initial limestone loading

of 0.5 wt %). As the pH decreases, the SO2 absorption resistance in the two-film

is considered to shift from gas-side controlled to liquid-side controlled. However,

both resistances are considered, and following the two film theory (Whitman 1924)

(presented in Sub-section 5.3.1), the rate of SO2 absorption can be given by Equation

6.1

NSO2
=
Pbulkgas −HSO2

cSO2,bulkslurry

1
kga

+
HSO2

kLa

(6.1)

Chemical reactions increase the rate of SO2 absorption.The contribution of such

chemical reactions is quantified by the ratio of the rate with chemical reactions to the

rate without chemical reactions, known as the enhancement factor (E). Various en-

hancement factor expressions are available in literature (Brogren & Karlsson 1997c,

Chang & Rochelle 1982b, Dou et al. 2009, Kallinikos et al. 2010, Kiil et al. 1998,

Neveux & Le Moullec 2011, Pasiuk-Bronikowska & Rudziński 1991, Uchida & Ariga

1985), and they depend on the chemical reactions considered. When the diffusion

of SO2(g) and the dissociation of SO2(aq)and HSO−3 (chemical reactions R6.1 - R6.4)

are considered, the enhancement factor can be given by Equation 6.2 (Neveux &

Le Moullec 2011)

E = 1 +
D

HSO
−
3

DSO2

(C
HSO

−
3

,interphase
−C

HSO
−
3

,bulkslurry
)

(CSO2,interphase–CSO2,bulkslurry)
+

D
SO

2−
3

DSO2

(C
SO

2−
3

,interphase
−C

SO
2−
3

,bulkslurry
)

(CSO2,interphase–CSO2,bulkslurry)

(6.2)

The concentrations of SO2, HSO−3 and SO2−
3 at both the gas-liquid interphase

and in the bulk slurry are evaluated from the definition of total sulphite,(Stotal), as

given in Equation 6.3 equalling the sum of SO2, HSO−3 and SO2−
3 .
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Stotal = SO2 +HSO−3 + SO2−
3 (6.3)

Equation 6.3 is first expressed in terms of the desired species, H3O+and equilib-

rium constants, then rearranged to make the desired species the subject of the for-

mula. For details, the reader is referred to Pasiuk-Bronikowska & Rudziński (1991).

The equilibrium relationships at the gas-liquid interphase can be given by Equa-

tions 6.4 through 6.8.

COH−,interphase =
KW

CH+,interphase
(6.4)

CSO2,interphase = HSO2
· SO2,bulkgas ·R · T (6.5)

CHSO−3 ,interphase =
KSO2

·HSO2
· SO2,bulkgas ·R · T

CH+,interphase
(6.6)

CSO2−
3 ,interphase =

KHSO−3
·KSO2

·HSO2
· SO2,bulkgas ·R · T

(CH+,interphase)2
(6.7)

Electroneutrality at the gasliquid interphase can be given by Equation 6.8

CH+,interphase + 2 · CCa2+,interphase = CHSO−3 ,interphase + 2 · CSO2−
3 ,interphase

+ CHCO−3 ,interphase + 2 · CCO2−
3 ,interphase + COH−,interphase

(6.8)

The equilibrium relationships in bulk slurry can be given by Equations 6.9

through 6.13.

COH−,slurry =
KW

CH+,slurry
(6.9)

CSO2,slurry =
Stotal · C2

H+,slurry

C2
H+,slurry +KSO2

· CH+,slurry +KSO2
·KHSO−3

(6.10)
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CHSO−3 ,slurry =
Stotal ·KSO2

· CH+,slurry

C2
H+,slurry +KSO2

· CH+,slurry +KSO2
·KHSO−3

(6.11)

CSO2−
3 ,slurry =

Stotal ·KSO2
·KHSO−3

C2
H+,slurry +KSO2

· CH+,slurry +KSO2
·KHSO−3

(6.12)

Electroneutrality in the bulk slurry can be given by Equation 6.13

CH+,slurry+2·CCa2+ = CHSO−3 ,slurry+2·CSO2−
3 ,slurry+CHCO−3 ,slurry+2·CCO2−

3 ,slurry+COH−,slurry

(6.13)

The equilibrium constants for chemical reactions R6.3 and R6.4, KCO2
and KHCO−3

,

respectively, are taken from literature (Brewer 1982).

The second method of evaluating the enhancement factor is based on considering

the dissolution of limestone (chemical reaction R6.6). This approach was applied by

Dou et al. (2009) and Kallinikos et al. (2010), the latter gave an equation that is based

on the two-film model for instantaneous chemical reaction (Equation 6.14) Levenspiel

(1999)

E = 1 +
DCa2+ · CCa2+

DSO2
· Stotal

(6.14)

where DCa2+ and DSO2
are the diffusivities of Ca2+ and SO2, respectively, and

were taken from literature (Boudreau 1997). In this study, both approaches were

tested, and the former method was observed to give better results.

6.3.3 Sub-model II: Limestone dissolution during SO2 ab-
sorption

The limestone dissolution sub-model consisting of both the mass transfer step in the

liquid phase and the chemical reaction step at the solid-liquid interface was employed

in this study. When the inhibition by SO2−
3 ions is negligible (CSO2−

3 less than 1

mol/m3) (Weng 2016), the overall rate of limestone dissolution has been given by

Equation 6.15 (Carletti et al. 2015b)
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RCaCO3
= −ktot · SA · CH+ · (1− Kad · CH+

1 +Kad · CH+

) (6.15)

The rate of production of calcium ions can be given by

RCa2+ = ktot · SA · CH+ · (1− Kad · CH+

1 +Kad · CH+

) (6.16)

where ktot is the overall coefficient,consisting of kl and kr. The total rate can

be given by the reciprocal addition of resistances of according to Equation 4.12, and

thus, the overall rate of dissolution can be given by Equation 4.16 ( see Chapter

4). Following the discussion in Chapter 4, Section 4.7, the dissolution process is

dominated by mass transfer, however the significance of chemical reactions increases

with the increase in concentration of SO2−
3 ions.

Kad (in m3mol−1) is the adsorption constant. SA is the surface area given by

SA = SSABET ·MWCaCO3
· cCaCO3

(6.17)

where SSABET (in m2/g) is the specific surface area of limestone particles evalu-

ated using the BET theory. MWCaCO3
and cCaCO3

are the molar mass and concentra-

tion of CaCO3, respectively.

6.3.4 Sub-model III: CO2 desorption

The two-film theory discussed in Chapter 5, Section 5.3 and applied in this chapter’s

Section 6.3.2, is applicable during CO2 desorption. The main difference is that the

liquid film resistance is considered to be the only resistance that affect the desorption

of CO2 (Gómez et al. 2007, Kallinikos et al. 2010), and the rate equation (Equation

6.1) is reduced to Equation 6.18

RCO2
= kL,CO2

· ECO2
· ai · (

PCO2

HCO2

− CCO2,bulkslurry) (6.18)

The enhancement factor theory given in Section 6.3.2 is applicable, however,

chemical reaction R6.9 is considered to be slow, and thus, the enhancement factor

for CO2 desorption is approaches 1 (Kiil et al. 1998). For cases where the exact value

of the enhancement factor for CO2 desorption (ECO2
) is crucial, Equation 6.19 is used.
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E = 1 +
D

HCO
−
3

DCO2

(C
HCO

−
3

,interphase
−C

HCO
−
3

,bulkslurry
)

(CCO2,interphase–CCO2,bulkslurry)
+

D
CO

2−
3

DCO2

(C
CO

2−
3

,interphase
−C

CO
2−
3

,bulkslurry
)

(CCO2,interphase–CCO2,bulkslurry)

(6.19)

As was done in Sub-section 6.3.2, the concentrations of CO2, HCO−3 and CO2−
3

at both the gas-liquid interphase and in the bulk slurry were evaluated from the

definition of total carbonates,(Ctotal), as given in Equation 6.20 equalling the sum of

CO2, HCO−3 and CO2−
3 .

Ctotal = CO2 +HCO−3 + CO2−
3 (6.20)

Equation 6.20 is first expressed in terms of the desired species, H3O+ and equi-

librium constants, then rearranged to make the desired species the subject of the for-

mula. For details, the reader is referred to Pasiuk-Bronikowska & Rudziński (1991).

The equilibrium relationships at the gas-liquid interphase can be given by Equa-

tions 6.21 through 6.24.

COH−,interphase =
KW

CH+,interphase
(6.21)

CCO2,interphase = HCO2
· CO2,bulkgas ·R · T (6.22)

CHCO−3 ,interphase =
KCO2

·HCO2
· CO2,bulkgas ·R · T

CH+,interphase
(6.23)

CCO2−
3 ,interphase =

KHCO−3
·KCO2

·HCO2
· CO2,bulkgas ·R · T

(CH+,interphase)2
(6.24)

The equilibrium relationships in bulk slurry can be given by Equations 6.25

through 6.28.

COH−,slurry =
KW

CH+,slurry
(6.25)
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CCO2,slurry =
Ctotal · C2

H+,slurry

C2
H+,slurry +KCO2

· CH+,slurry +KCO2
·KHCO−3

(6.26)

CHCO−3 ,slurry =
Ctotal ·KCO2

· CH+,slurry

C2
H+,slurry +KCO2

· CH+,slurry +KCO2
·KHCO−3

(6.27)

CCO2−
3 ,slurry =

Ctotal ·KCO2
·KHCO−3

C2
H+,slurry +KCO2

· CH+,slurry +KCO2
·KHCO−3

(6.28)

The equilibrium constants for chemical reactions R6.8 and R6.7, KCO2
and KHCO−3

,

respectively, are taken from literature (Brewer 1982).

6.3.5 Sub-model IV: calcium sulphite crystallization

Tseng & Rochelle (1986a) and Tseng & Rochelle (1986b) reported that the crystal-

lization rate of seed crystal agglomeration was second order relative to the supersat-

uration of calcium sulphite and inversely proportional to gypsum saturation. The

crystallization rate is normalized by the BET surface area of solids, and is given

Equation 6.29 (Kallinikos et al. 2010, Olausson et al. 1993)

RCaSO3
= 0.162 · e

−5153

T · (RSCaSO3
− 1)n · BETCaSO3

RSCaSO3

(6.29)

where

RSCaSO3
=
cCa2+ · cSO2−

3

Ksp,CaSO3

(6.30)

The same authors considered the BETCaSO3
surface area of slurry to be 10 m2g−1

and the gypsum saturation was taken to be 0.025 when no sulphate was added to

the reactor.

6.3.6 Mass Balance

The reactor used in this study is a well-mixed reactor. It consisted of two com-

partments, namely, the overhead compartment and the bulk slurry compartment.

The general transient mass balance equations (Equations 6.31 through 6.37) were

developed based on chemical reactions R5.1 through R5.14 and sub-models (SO2

absorption, limestone dissolution, CO2 desorption and CaSO30.5H2O crystallization)
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SO2 in gas phase:

dCSO2

dt
=

1

VHeadspace
· (F · CSO2,inlet − F · CSO2,bulkgas)−

Vbulkslurry
VHeadspace

·NSO2
(6.31)

CO2 in gas phase:

dCCO2

dt
=

1

VHeadspace
· (F · CCO2,inlet − F · CCO2,bulkgas)−

Vbulkslurry
VHeadspace

·NCO2
(6.32)

Total sulphur balance:

dCStotal

dt
= NSO2

−RCaSO3
(6.33)

Total carbon balance:

dCCtotal

dt
= RCaCO3

−NCO2
(6.34)

Total calcium balance:

dCCa2+
total

dt
= RCaCO3

−RCaSO3
(6.35)

Limestone dissolution:
dCCaCO3

dt
= RCaCO3

(6.36)

Product crystallization:

dCCaSO3·0.5H2O

dt
= RCaSO3·0.5H2O (6.37)

Some of the physical and chemical constants used in this study were mea-

sured in the laboratory and some were taken from various literature sources. The
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mass transfer coefficients (gas-side, liquid and limestone dissolution mass trans-

fer) were measured in the laboratory, details are presented in Chapters 4 and 5.

Liquid-phase diffusion coefficient were estimated according to correlations given in

Boudreau (1997). The gas phase diffusion coefficients were evaluated from Reid et al.

(1987). Henry’s constant for SO2 was evaluated according to the correlation given in

Pasiuk-Bronikowska & Rudziński (1991) and the one for CO2 was taken from Wilhelm

et al. (1977). The solubility of limestone and calcium sulphite were taken from Kiil

(1998).

6.3.7 DAEs Numerical Methods

An analytical solution to a system of ODEs (derived from a mass action law of the rate

limiting steps of SO2 absorption process) that are coupled with algebraic equations

(derived from the electroneutrality state assumption) prove to be difficult to obtain.

On those basis, numerical solution emerged to be an attractive alternative, necessi-

tating the use of a MATLAB software package (MATLAB 2018).

The nature of the equations being solved, the range of parameters and variables

involved, led to stiffness (i.e dynamic step size adjustment of the explicit Runge-Kutta

solver, ODE45, are made unnecessarily small to achieve stability) of the solution.

This necessitated the use of stiff solvers based on Rosenbrock methods or backward

or forward differentiation formulae e.g ODE15s, ODE15i, Euler etc. In this study,

Euler methods were used. A sample matlab code can be seen in Appendix C, Section

C1.

6.4 Results and Discussion: Experimental Results

6.4.1 Absorption, reaction, dissolution and precipitation in
limestone slurries

The effluent SO2 concentration for the absorption of 0.3 and 0.2 % in volume are

presented in Figure 6.1. The absorption of 0.3 % in volume of SO2 takes place at a

faster rate and saturation is reached over a shorter period.

It has been reported in literature that when SO2 in flue gas is less than 2000

ppm, gas-side mass transfer resistance dominates. Corollarily, when SO2 in the flue

gas is greater than 2000 ppm, liquid-side mass transfer resistance becomes epochal

(Bravo et al. 2002, Pasiuk-Bronikowska & Rudziński 1991). In this study, SO2 con-

centrations of 2000 and 3000 ppm were used, insinuating that both kga and kLa are

epochal.
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Figure 6.1: Concentration of effluent SO2: Effect of inlet SO2 concentration.

The results of effluent SO2 concentration, when the limestone loading is varied,

are given in Figure 6.2. The absorption rate of SO2 had been observed to be directly

proportional to the loading of limestone. This indicates that dissolution rate of CaCO3

plays a prodigious role in the overall kinetics. Similar observations were reported by

Bravo et al. (2002) and Uchida et al. (1978).

Shown in Figure 6.3 are the experimental results of limestone dissolution, cal-

cium hemihydrate crystallization and pH. Consistent with the discussion in Chapter

4, as the pH decreases, the dissolution of limestone and the crystallization of calcium

sulphite hemihydrate were observed to increase.

The pH was also reported to drop with the accruing concentration of total sul-

phite by Gleason & Rochelle (1987). The same authors reported that limestone dis-

solution was favoured at low pH.
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Figure 6.2: Concentration of effluent SO2: Effect of limestone loading.

Figure 6.3: Effect of pH on dissolution and crystallization.
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Figure 6.4: Concentration of effluent SO2: Effect of temperature.

A comparison of effluent SO2 concentration for experiments conducted at 25 °C

and 50 °C is given in Figure 6.4. The SO2 absorption rate had been observed to in-

crease with the increasing temperature. In this study, as has been mentioned, the

overall process is considered to be influenced by SO2 absorption, limestone disso-

lution, CO2 desorption and calcium sulphite hemihydrate crystallization. If any of

the sub-processes are sensitive to temperature, the change in temperature will influ-

ence the overall process according to the proportional contribution of the respective

sub-processes.

6.5 Results and Discussion: Modelling and com-
parison with experimental results

6.5.1 Absorption and reaction in aqueous solutions

The model, based on two film theory, developed to describe the absorption of SO2 into

aqueous solutions and presented in Section 6.3 had been used to generate the model

results used in this section. Most of the parameters used were taken from literature,

however some were experimentally determined. The details of the parameters can

be seen in Appendix C, Section C6. The experimental results were generated as per

method presented in Section 6.2.
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The comparison of experimentally determined effluent SO2 concentrations and

those calculated by the model are shown Figures 6.5 and 6.6, and was satisfac-

tory.To commensurate experimental and theoretical model results, the cognition of

experimental set-up and conditions as well as model input parameters is epochal.

Figure 6.5: Comparison of model and experimental effluent SO2 concentration
results : SO2 absorption into in aqueous solutions.

SO2 absorption is dependent on mass transfer, kg and ko
L, the concentration of

SO2 in the gas and the chemical composition of the slurry. Based on arguments pre-

sented earlier in Section 5.4.1 above, the absorption into HCl solution controlled by

liquid-side mas transfer resistance, the absorption into NaOH solution is controlled

by gas-side mass transfer resistance and both resistances are imported for the ab-

sorption into water, with the dominance dependent on the pH.

For SO2 absorption into aqueous solution, the transient variation of significant

variables, determined according to procedure given in Section 6.6, are presented in

Figures 6.7 through 6.9, such parameters are enhancement factor, SO2 absorption

rate and percentage SO2 absorption, respectively.

The theory behind the enhancement factor for absorption of SO2 into NaOH solu-

tion and water is given in Chapter 5, Sub-section 5.3.2. Equation 5.17 was employed

to evaluate enhancement of SO2 absorption into NaOH solution, and Equation 5.40,

the respective results can be seen in Figure 6.7. The durable high enhancement factor

for SO2 absorption into NaOH solution can be attributed to instantaneous depletion

of SO2 in high pH NaOH solution.
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Figure 6.6: Comparison of model and experimental pH results : pH during
SO2 absorption into water.

(a) Water (b) NaOH Solution

Figure 6.7: Enhancement factor for SO2 absorption into aqueous solutions.
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(a) HCl Solution (b) Water

(c) NaOH Solution

Figure 6.8: SO2 absorption rate into aqueous solutions.

Results recorded for the SO2 absorption rate into aqueous solutions are given in

Figure 6.8. The rates were observed to decrease steadily in the cases of HCl solution

and deionized water. The rate of SO2 absorption into NaOH solution was been ob-

served to remain high (6.2 x 10−4 mol/m3s) over a period of 49.9 hr. The arguments

presented in Section 5.4.1, regarding the role of dissociation of SO2 in solutions of

varied initial pHs, are also applicable here (in this section). The absorption of SO2

is considered to be gas-film controlled over an extended period (≈ 49 hours). This is

attributed to the instantaneous depletion of SO2 in high pH NaOH solution (Deshwal

& Hyung Keun 2009, Lancia et al. 1997, Uchida et al. 1978).
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(a) HCl Solution (b) Water

(c) NaOH Solution

Figure 6.9: Percentage SO2 absorbed into aqueous solutions.

The low absorption rate of SO2 into HCl is attributed to activity coefficients (ph-

ysisorption) and possible formation of complex, SO2Cl- (by chemisorption) on higher

molarity solutions (3 and 5 M HCl) (Zimmermann et al. 2009). The same authors re-

ported that the superposed chemical effects (controlled by low pH), were less apparent

than the physical effects of increasing halides and proton concentrations.

Krissmann and co-workers (1997, 1999, 2000) measured and modelled the

ternary system HCl/SO2/H2O at 25 °C up to a HCl concentration of 1 mol/kg and a

SO2 partial pressure of 0.73 kPa using Pitzer’s activity coefficient model. The mea-

surement data indicate that at given SO2 partial pressure the solubility of SO2 de-

creases up to an HCl molality of about 0.5 mol/kg, and then moderately increases

between 0.5 and 1.0 mol/kg solution. Explanation of the low absorption capacity

(over time) of SO2 into HCl solution was given in Section 5.4.1.
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6.5.2 Absorption and reaction in limestone slurry

The model, based on two film theory, developed to describe the absorption of SO2

into limestone slurry, dissolution of limestone, desorption of CO2 and crystallization

of calcium sulphite hemihydrate, and presented in Section 6.3, had been used to

generate the model results used in this section. Most of the parameters used were

taken from literature, however some were experimentally determined. The details of

the parameters can be seen in Appendix C, Section C6. The experimental results

were generated as per method presented in Section 6.2.

Figure 6.10: Comparison of model and experimental effluent SO2 concentra-
tion results for SO2 absorption into slurry: Effect of SO2 concentration.
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Figure 6.11: Comparison of model and experimental effluent SO2 concentra-
tion results for SO2 absorption into slurry: Effect of limestone loading.

Experimental and model effluent SO2 concentration results for SO2 absorption

for varied inlet SO2 concentration are given in Figure 6.10. As discussed in Sub-

section 6.4.1 , both kga and kLa are significance, since the simulated flue gases used

in this study comprises of 2000 and 3000 ppm. Nannen et al. (1974) reported that

for low concentrations of SO2 in power plant flue gas (less than 1000 ppm), the SO2

absorption process approaches gas phase control.

The comparison between the experimental and model effluent SO2 concentration

results for varied limestone loading, are given in Figure 6.11. The discussion given

in Section 6.4.1 are also applicable in this section, i.e. although the overall process

is considered to be influenced by SO2 absorption, limestone dissolution, CO2 des-

orption and calcium sulphite hemihydrate crystallization, the sub-processes that are

sensitive to temperature dominated the overall process.

Figures 6.12 compares the experimental and model effluent SO2 concentration

results for SO2 absorption at 25 and 50 °C. The discussion presented in Section 6.4.1

is also valid in this section.
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Figure 6.12: Comparison of model and experimental effluent SO2 concentra-
tion results for SO2 absorption into slurry: Effect of temperature.

Figure 6.13: Comparison of model and experimental pH results for SO2 ab-
sorption into a slurry.
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Figure 6.14: Comparison of model and experimental limestone dissolution
results during SO2 absorption into a slurry.

Figure 6.15: Comparison of model and experimental calcium sulphite hemi-
hydrate crystallization results during SO2 absorption into slurry.

101



CHAPTER 6. INTEGRATED MODEL OF SO2 ABSORPTION INTO
LIMESTONE SLURRY

Integrated model and experimental results

Figure 6.16 compares the integrated model and experimental results of SO2 absorp-

tion, limestone dissolution, calcium sulphite hemihydrate and pH. Over the first 8.8

hours, high CaCO3 (48.62 to 19.77 mol/m3) concentration was observed to give high

pH slurry, leading to high SO2 absorption and low CaSO30.5H2O crystallization.

Figure 6.16: Integrated model and experimental results.

During this period, the rate of SO2 absorption is considered to be influenced

by SO2 diffusion and dissociation, as well as other chemical reactions. Beyond this

period, the concentration of CaCO3 is less than 10 mol/m3, and the SO2 absorption

is steadily slowing down, and the crystallization of CaSO30.5H2O increases. These

patterns concurs with the work reported by Kikkawa et al. (2002).
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(a) 0.2 wt% (b) 1 wt%

(c) 2 wt%

Figure 6.17: Enhancement factor for SO2 absorption into limestone slurry.

For SO2 absorption into slurries, the transient variation of significant variables,

determined according to procedure given in Section 6.3, are presented in Figures

6.17 through 6.19, such parameters are enhancement factor, SO2 absorption rate

and percentage SO2 absorption, respectively.
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(a) 0.2 wt% (b) 1 wt%

(c) 2 wt%

Figure 6.18: SO2 absorption rate into limestone slurry.

The enhancement factors of SO2 absorption into the different limestone-loading

slurries are given in Figure 6.17, and increased with the loading. This results concurs

with the observation reported by Uchida & Ariga (1985).

The enhancement factor is reliant on bulk slurry alkalinity , SO2 concentration

(in the bulk gas and bulk slurry) and the ratio between kL and kg. The enhancement

factor has a high value when the alkalinity is high and the SO2 concentration is low.
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(a) 0.2 wt% (b) 1 wt%

(c) 2 wt%

Figure 6.19: Percentage SO2 absorbed into limestone slurry.

Figure 6.18 presents the rate SO2 absorption into limestone slurries of varied

loading, viz: 0.2, 1 and 2 wt%. The rates were observed to increase with CaCO3

concentration. The discussion given in Section 6.4.1 are applicable in this section.

The observation is in agreement with the work of Liu & Xiao (2006), who reported

that SO2 absorption rate is enhanced by the increase in CaCO3 concentration.

6.6 Results and Discussion: Chemical Absorption
Regimes

The coupling between SO2 diffusing and its sub-sequent chemical reactions is gen-

erally termed chemical absorption. In this study, the regime in which in which SO2

reacts instantaneously, and is depleted, is referred to as Regime I. However, in the
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regime in which SO2 reacts instantaneously, it can still accumulates in the liquid,this

is referred to as Regime II. The remainder, which is the regime in which the accumu-

lation of SO2 is significant and increasing, is referred to as Regime III.

Figure 6.20: Identification of regimes.

Detailed regimes characteristics are given in Table 6.1 and discussed below.

Figure 6.20 shows the demarcations of the regimes . The definitions of regimes

given in literature are applicable to the allocation of the regime names assigned in

this study, e.g. Regimes I & II in this study had been (combined) referred to as
′instataneousreactionregime′ in the work of Lancia et al. (1994b) and Astarita et al.

(1983).

As SO2 is absorbed into limestone slurry over a long period (± 50 hours),process

is considered to move from Regime I, through Regime II, to Regime III. The objective

of the work described in this section was to expand on part of the work done by

Lancia et al. (1994b) and Astarita et al. (1983), with regard to the chemical absorption

regimes when SO2 is absorbed into limestone slurry.

The chemical reactions taking place during SO2 absorption into limestone slurry

(R6.1 to R6.14), and consequently the species present, are by and large considered

to be dependent on the concentrations of H+, SO2 and CaCO3 in the slurry,which
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Table 6.1: Characteristics of SO2 absorption regimes.

Regime I II III

pH Basic (pH ≥ 6.83 at 50 ◦C) Intermediate (6.63 > pH > 3 at 50 ◦C) Acidic (pH ≤ 3 at 50 ◦C)

Gas-side (gas-liquid mass transfer) resistance Highly significant Significant Insignificant

Liquid-side (gas-liquid mass transfer) resistance Insignificant Significant Highly significant

Dissociation of aqueous SO2 Highly favoured Favoured Not favoured

Dissolution of limestone Not favoured Favoured Highly favoured

HSO−3 concentration Insignificant Significant Highly significant

SO2−
3 concentration Highly significant Significant Insignificant

SO2slurry concentration Insignificant Significant Highly significant

CaCO3 concentration Highly significant Significant Insignificant/absent

in turn, are influenced the diffusion SO2 gas. It can therefore be assumed that,

the regimes of the processes can be defined in terms of pH and SO2 in the slurry.

However, for completeness the roles of mass transfer and dissociations of species are

included in the characterization of the regimes given in Table 6.1.

Table 6.1 shows that Regime I is controlled by gas resistance. This is attributed

to the instantaneous dissociation of SO2 in this regime due to the high pH. The disso-

lution of limestone is not favoured in this regime, although there is high concentration

of of SO2−
3 . This is due low concentrations of H3O+for chemical reaction R6.7; R6.4

is favoured. In Regime II, both gas-side and liquid-side regimes are considered im-

portant. The dissociation of SO2 and dissolution of limestone are also considered to

be important. Regime III is a regime in which CaCO3 is depleted (Figure 6.20) and

the pH of the slurry is less or equal to 3. The dissociation of aqueous SO2 is not

favoured in this regime, due to the high concentration of H+. A wide range of pH

values (from ±3.1 to ± 6 ) and different controlling resistance (e.g gas or liquid con-

trolled) have been reported for full-scale wet FGD plants (Brogren & Karlsson 1997c,

Neveux & Le Moullec 2011) and others, depending on the zone in the spray tower,

hence necessitating the need to understand these regimes in the respective zones.

The chemical reactions that takes place in the gas-liquid film have been reported

to be instantaneous by various authors e.g. Bravo et al. (2002), Chang & Rochelle

(1981, 1985), Uchida et al. (1978) and so forth. This implies that the dimensionless

parameter that compares the rate of reaction in a liquid film to the rate of mass trans-

fer through the film (the Hatta number, Ha), is much bigger than 1. The classification

given by Levenspiel (1999) are such that, instantaneous reactions and fast reactions

will have a Hatta number greater than 2. Chemical reactions with intermediate rates

will give Hatta numbers between 0.02 and 2, whereas slow reactions will give Hatta

numbers less than 0.02. Consequently, as the interaction between chemical reac-

tion and absorption, in this study, is taken into account with an enhancement factor
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for instantaneous rates (Equations 6.19, 5.40,6.2, 5.17 and 6.14) since the Hatta is

considered to be much greater than 1. This implies that SO2 absorption is limited by

physical mass transfer.

6.7 Summary

• An integrated model for SO2 absorption into limestone slurry consisting of four

sub-models, namely, absorption of SO2; desorption of CO2; dissolution of lime-

stone and crystallization of calcium sulphite hemihydrate was developed and

validated in this study.

• Experiments for validating the model were conducted using a laboratory scale

stirred tank reactor when absorbing SO2 gas (2000 and 3000 ppm, balance N2)

into limestone slurries. The reactor was operated in a continuous gas flow mode

and batch mode for a slurry. The model was observed to satisfactory describe

the SO2 absorption process.

• The validity of the model over varied operating conditions was tested experimen-

tally. The conditions considered are temperature, SO2 and limestone concen-

trations. The model was observed to be applicable.

• The regimes of SO2 absorption into limestone slurries were defined and charac-

terised in this chapter. The definition and characterisation were based on the

chemical absorption resistances involved, dissociation of aqueous SO2, disso-

lution of limestone, the pH, the concentrations and participation of the species

present e.g. aqueous SO2, HSO−3 , SO2−
3 and CaCO3. Different regimes were

considered to be present at different zones in the full scale wet FGD plants.
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Chapter

7.1 Conclusions

1. The limestone used in this study was characterized for its mineral analysis(by

QEMSCAN), chemical analysis (XRF) and physical structural analysis ( for SSA,

pore size distribution, PSD and helium skeletal density). Results of QEMSCAN

concentration of CaCO3 was used in modelling limestone dissolution (Chapter

4). Concentration of both CaCO3 and CaSO3 · 2H2O that were used to vali-

date the limestone dissolution and hannebachite sub-models of the integrated

model (Chapter 6) were determined using XRD. The XRF results confirmed the

distributions. The BETCaCO3
surface area and pore volume used for limestone

dissolution (in Chapters 4 and 6) were determined using the results from the

Micromeritic ASAP 2010 presented in 3.1.5. The limestone density used during

the determination of limestone dissolution mass transfer coefficient (Chapter 4),

was determined using the Quantachrome Helium Pycnometer. The limestone

particle size used during the determination of the limestone dissolution mass

transfer coefficient (Chapter 4) was measured using the Malvern Mastersizer

3000.

2. The overall limestone dissolution rate constant(ktot) was determined by eval-

uating solid-liquid kl and kr. The solid-liquid mass transfer coefficient was

evaluated using the Frössling-type correlation of the Sherwood number. It was

found to be dependent on the experimental operating conditions (solution pH,

temperature and agitation) whereas the chemical reaction constant (kr) was es-

timated from the slope of the linear plot of lnCH+ vs t on dissolution conducted

at stirring rates greater than triple the critical impeller speed(N>3Njs). The total

dissolution constant (ktot) was estimated by the reciprocal addition of 1/(kl) and

1/(kr).The obtained ktot is comparable with the ktot regressed from the model fit-
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ting. Limestone dissolution Ea in the present investigation is comparable with

values published in literature. The obtained ktot was used in the integrated

mode in Chapter 6.

3. The gas-liquid mass transfer coefficients (for both gas-side and liquid-side) for

SO2 absorption from simulated flue gas in a stirred tank reactor were deter-

mined whilst employing solutions of various pHs (Chapter 5). NaOH solution

was used to evaluate the kga, whereas the HCl solution was used to evaluate

kLa. The absorption of SO2 into water was observed to be enhanced by chemi-

cal reactions. A mass balance model based on Two-film theory was observed to

describe the rate of SO2 absorption satisfactorily. The obtained values of both

kga and kLa were used in the integrated model in Chapter 6.

4. An integrated model for SO2 absorption into limestone slurry consisting of four

sub-models, namely, absorption of SO2; desorption of CO2; dissolution of lime-

stone and crystallization of calcium sulphite hemihydrate was developed and

validated in this study.Experiments for validating the model were conducted

using a laboratory scale stirred tank reactor when absorbing SO2 gas (2000 and

3000 ppm, balance N2) into limestone slurries. The reactor was operated in a

continuous gas flow mode and batch mode for slurry. The model satisfactory

described the SO2 absorption process. The validity of the model over various

operating conditions was tested experimentally. The conditions considered are

temperature, SO2 and limestone concentrations. The model was observed to be

applicable.

The regimes of SO2 absorption into limestone slurries were defined and char-

acterised in this chapter. The definition and characterisation were based on

chemical absorption resistances involved, dissociation of aqueous SO2, dissolu-

tion of limestone, the solution pH, the concentrations and participation of the

species present e.g. aqueous SO2, HSO−3 , SO2−
3 and CaCO3. different regimes

were considered to be present in different zones in the full scale wet FGD plants.

An integrated model was developed and tested. Here a step-wise procedure was

employed and it involved the evaluation of relevant processes, namely, absorp-

tion of SO2; desorption of CO2; dissolution of limestone and crystallization of

calcium sulphite hemihydrate . Good agreement was obtained between the ex-

perimental results and the model which indicates the consistency and reliability

of the modelling of the sub processes considered and the integrated model.
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7.2 Contribution to Science

1. Development of an integrated model for the absorption of sulphur dioxide from

a dilute flue gas (2000 and 3000 ppm) in a limestone slurry, comprising of SO2

absorption with chemical reactions, dissolution of limestone, liberation of CO2

and crystallization of calcium sulphite.(This model was successfully validated

against results obtained from an experimental programme consisting of the un-

steady state absorption of SO2 in a laboratory scale semi-batch process). The

methodology and concepts could be useful, with adaption for the modelling of

FDG processes such as the WFGD process incorporating complex chemistry in

moving droplets (space variation).

2. The development of a successful numerical code for the solution of the model

equations consisting time dependant non- linear differential equations and or-

dinary equation describing all the mechanisms involved, for successfully solving

a complex integrated absorption process.

3. The successful use of an integrated model (including a slurry phase) and a con-

ventional simplified model (gas phase, with gas/liquid interface), and the two-

film theory for mass transfer model, to confirm the validity of a mass transfer

model for the dissolution of limestone.

4. Demonstration of the interacting effect (competing opposite effects) of the ab-

sorption of sulphur dioxide , the dissolution of the limestone and the crystal-

lization of the calcium sulphite on the hydrogen concentration (pH), and of the

analysis of the different regimes.

7.3 Recommendations

On conclusion of this study, I recommend that the following points/issues be consid-

ered in future studies

1. The concept and quantification of the relative interactions between the mass

transfer with chemical reactions of SO2, dissolution kinetics of limestone and ki-

netics of crystallization of products should be expanded. This would involve ex-

amining the influence of the dissolution kinetics of different quality limestones

and parameters affecting the mass transfer rates.

2. The current model should be expanded to include the following:

• The effect of carbon dioxide introduced with the sulphur dioxide on the

overall performance such as the dissolution of the limestone.
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• The oxidation of sulphite ions formed from the sulphur dioxide and the

subsequent crystallization rate of calcium sulphate instead of calcium sul-

phite that occurs in the absence of oxygen.

3. Comprehensive modelling of industrial scale WFDG processes should be under-

taken, to incorporate the complex chemistry of SO2 and CO2 dissociation, and

the presence and dissolution of limestone and crystallization of products. These

processes could include the use of wet wall columns and spray columns (WFGD)

with emphasizes on the determination of the importance of detailed chemical ef-

fects in the liquid phases relative to the hydrodynamic behaviour of the gas and

liquid phases.

4. An investigation towards evaluating the role of hydrodynamics on the kinetics

of limestone dissolution and calcium sulphite in the sprayer zone of a typical

WFGD tower. The use of computational fluid dynamics is strongly recommended

in this regard.

5. A study towards understanding and evaluating any oxidation of SO32- and cal-

cium sulphite (regardless of the magnitude) of the recycled slurry droplets in the

sprayer zone of a typical WFGD tower. The oxygen could be from the remainder

oxygen inherited from the reaction tank before recycling and/or from the flue

gas.
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Appendix A: Error Analysis

Experimental errors in this study were calculated using MATLAB2018b in-built com-

mands, given in Equations A.1 through A.5. For experimental runs that were re-

peated three times, the mean was calculated according to Equation A.1

mu = mean(A, 2) (A.1)

Appendix A.1:Error Analysis Results

(a) pH of limestone dissolution (b) pH in the SO2 - Water system

(c) pH in the SO2 - slurry system

Figure A.1: Error Analysis Results: pH.
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(a) Gas SO2 concentration in the overhead
space: water case

(b) Gas SO2 concentration in the overhead
space: slurry case

(c) Gas SO2 concentration in the overhead
space in the SO2 - NaOH solution system

(d) Gas SO2 concentration in the overhead
space in the SO2 - HCl solution system

Figure A.2: Error Analysis Results: SO2.

The standard deviation is given by Equation A.2

s = std(A, 1, 2) (A.2)

The variance was calculated using Equation A.3

sigma = var(A, 1, 2) (A.3)

The standard error was thus given by Equation A.4

err = s/sqrt(3) (A.4)
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The fractional uncertainty was calculated using Equation A.5

FractionalUncertainty = EquipmentUncertainty./mu (A.5)

MATLAB2018b errorbar plotting was also employed, the results for pH measure-

ments are shown in Figure A.1, whereas Figure A.2 shows those for SO2 measure-

ments.
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Appendix B:Limestone Dissolution

Appendix B.1:Sample Limestone Dissolution Matlab Code

2019/01/18 10:41 AM C:\Users\NWUUSER\Documents\MATLAB... 1 of 1

function [] = LimestoneDissolutionKineticModel(k0)

 

% This code solves a system of 4 differential equations that describes the

% dissolution of limestone in a HCl solution.

 

%% The variables, x(1) ... x(4) are:

% x(1) : concentration of hydronium ions (mol/m3)

% x(2) : concentration of CaCO3 (mol/m3)

% x(3) : concentration of Ca2+ (mol/m3)

% x(4) : concentration of HCO3- (mol/m3)

 

%% The parameters k(1) ... k(4) are:

% k(1) : reaction rate constant (m/s)

% k(2) : adsorption constant (m3/mol)

% k(3) : BET specific surface area (m2/g)

% k(4) : mass transfer coefficient (m/s)

 

x0 = [x0(1); x0(2); x0(3); x0(4)]; 

 

k0 = [k0(1); k0(2); k0(3); k0(4)];

 

[t,x] = ode15s(@(t,x)myModel(t,x,k0),[t0 tf],x0);

 

 

figure

hold off

plot(t,x(:,1),'r--',t,x(:,2),'b',t,x(:,3),'c-.')

hold on;

xlabel('Time (sec)','FontSize',14,'FontName','Times New Roman')

ylabel('Concentration (mol/m^3)','FontSize',14,'FontName','Times New Roman')

legend('Mod-H^+', 'Mod-CaCO_3', 'Mod-Ca^2+', 'Location','best')

 

 

function dxdt = myModel(t,x,k)

       

    dxdt=zeros(4,1);

    dxdt(1)= (-2.85).*(1/((1/k(4))+(1/k(1))).*k(3).*x(2)*x(1).*(1-(k(2).*x(1))/(1+(k

(2).*x(1)))));

    dxdt(2)= -(1/((1/k(4))+(1/k(1))).*k(3).*x(2).*x(1).*(1-(k(2).*x(1))/(1+(k(2).*x

(1)))));

    dxdt(3)= (1/((1/k(4))+(1/k(1))).*k(3).*x(2).*x(1).*(1-(k(2).*x(1))/(1+(k(2).*x

(1)))));

    dxdt(4)= (1/((1/k(4))+(1/k(1))).*k(3).*x(2).*x(1).*(1-(k(2).*x(1))/(1+(k(2).*x

(1)))));

    

    dxdt = dxdt;

    

end

 

end
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Appendix B.2:Sample Limestone Dissolution Parameter Fit-
ting Matlab Code

function KineticParametersEstimation25degC

%Experimental Results

abscissa = [3.31
1.86
0.93325
0.32359
0.16982
0.10471
0.0631
0.04898
0.03631
0.02951
0.0257
0.02138
0.01738
0.01514
0.01349];

ordinatus = [1
2
3
4
5
6
7
8
9
10
11
12
13
14
15];

% Ordinatus is time
tspan = [min(ordinatus), max(ordinatus)];

% Initial values
y0 = 3.31;

% Parameter to guess
k0 = [10000;0.01;0.1];
% v0 = 2;
% ktot = 0.00845539301971187;

OptimisedEak_1andKad = fminsearch(@myObj, k0) % Optimization

% Nested minimization function
    function obj = myObj(k)

1
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            Ea =k(1);
            k_1=k(2);
            Kad=k(3);
            sol = ode45(@limestonedissolution, tspan, y0, [], k);
            y_hat = deval(sol, ordinatus);      % Evaluate solution at
 given times
            obj = sum((y_hat' - abscissa).^2);    % Compute squared
 error
        end

% Plot with optimal parameter
[T,Y] = ode45(@limestonedissolution, tspan, y0, [],
 OptimisedEak_1andKad);

% Parameter Estimation
figure
plot(ordinatus, abscissa,'ko', 'DisplayName','Exp','MarkerFaceColor',
[0 0 1],...
    'MarkerSize',10,'Marker','pentagram','LineStyle','none','Color',[0
 0 1]);

hold on

plot(T,Y,'DisplayName','Mod','MarkerSize',2,'LineWidth',1,'Color',[1 0
 0]);
ylim([-0.2 4])
ylabel('Conc (mol/m^{3})','FontSize',14,'FontName','Times New Roman');
xlabel('Time (min)','FontSize',14,'FontName','Times New Roman');
lgd = legend('Exp','Mod');
title(lgd,['Ea = ' num2str(Ea) '   ' 'k_1 = ' num2str(k_1) '    Kad =
 ' num2str(Kad)])
end

function dy = limestonedissolution(t,y,k)

cs0=19.89;      % Initial concentration of CaCO3
MMs=100.0869;   % Molecular weight of CaCO3
stoic=2.85;     % Stoichimometric coefficient
kl=0.01224;  % Mass transfer coefficient
SSABET=10.5;   % Specific surface area BET
R=8.314;        % Universal gas constant
T=298.15;       % Modified temperature
Ea=k(1);        % Activation energy
k_1=k(2);       % Pre-expontial factor
Kad=k(3);       % Adsorption constant
k(4) = cs0*exp(-(y*MMs*SSABET*k(2)*kl*t)/((k(2) + kl*exp(k(1)/
(R*T)))*(y*k(3) + 1))); % CaCO3 concentration

dy(1) = -stoic*(1/((1/kl)+(1/(k(2)*exp(-k(1)/(R*T))))))*MMs*k(4)*y*(1-
(k(3)*y)/(1+k(3)*y));

end

2
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Appendix B.3:Supplementary Fitting Results for Limestone
Dissolution (Ea, k1 and Kad)

(a) 25 ◦ (b) 30 ◦

(c) 40 ◦ (d) 50 ◦

Figure B.1: Supplementary Limestone Dissolution Ea, k1 and Kad Fitting Re-
sults.

Appendix C: Integrated Model

Appendix C1: Sample Matlab Code for Integrated Model
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The typical supplementary results that are generated by the integrated model for

aqueous solution cases are given in Tables C.1 and C.2. Those for limestone slurry

cases are given in Tables C.3 and C.4.

Appendix C2: Supplementary results for SO2 absorption into
aqueous solutions

Table C.1: Concentration of SO2, total sulphur and pH

Time (hr) C SO2,bulkgas (mol/m3) Stotal (mol/m3) pHwater pHinterface

0,00 0,073 0,00 7,15 5,14
0,28 0,038 0,43 6,65 3,34
0,56 0,040 0,81 4,28 3,12
0,83 0,043 1,16 3,47 3,00
1,11 0,046 1,48 3,24 2,91
1,39 0,049 1,76 3,11 2,85
1,67 0,052 2,01 3,03 2,81
1,94 0,055 2,22 2,97 2,77
2,22 0,058 2,40 2,92 2,75
2,50 0,060 2,56 2,89 2,73
2,78 0,062 2,69 2,86 2,71
3,06 0,063 2,81 2,84 2,70
3,33 0,065 2,91 2,83 2,69
3,61 0,066 2,99 2,81 2,68
3,89 0,067 3,06 2,80 2,67
4,17 0,068 3,12 2,79 2,66
4,44 0,069 3,17 2,79 2,66
4,72 0,069 3,21 2,78 2,65
5,00 0,070 3,25 2,77 2,65
5,28 0,070 3,28 2,77 2,65
5,56 0,071 3,30 2,77 2,64
5,83 0,071 3,32 2,76 2,64
6,11 0,071 3,34 2,76 2,64
6,39 0,072 3,36 2,76 2,64
6,67 0,072 3,37 2,76 2,64
6,94 0,072 3,38 2,76 2,64
7,22 0,072 3,39 2,76 2,64
7,50 0,072 3,40 2,75 2,63
7,78 0,072 3,40 2,75 2,63
8,06 0,072 3,41 2,75 2,63
8,33 0,072 3,41 2,75 2,63
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Table C.2: Concentrations of SO2, HSO−3 and SO2−
3 at the gas-liquid interphase

and in the water bulk

Time CSO2,water CSO2,interphase CHSO−
3 ,water CHSO−

3 ,interphase CSO2−
3 ,water CSO2−

3 ,Interphase

(hr) (mol/m3) (mol/m3) (mol/m3) (mol/m3) (mol/m3) (mol/m3)

0,28 0,00 0,04 0,34 0,45 8,65E-02 5,68E-05
0,56 0,01 0,11 0,80 0,76 8,59E-04 5,68E-05
0,83 0,07 0,20 1,09 1,01 1,83E-04 5,68E-05
1,11 0,15 0,30 1,32 1,23 1,31E-04 5,68E-05
1,39 0,24 0,39 1,52 1,40 1,12E-04 5,68E-05
1,67 0,32 0,49 1,69 1,56 1,02E-04 5,68E-05
1,94 0,39 0,57 1,82 1,68 9,65E-05 5,68E-05
2,22 0,46 0,64 1,94 1,79 9,26E-05 5,68E-05
2,50 0,52 0,70 2,03 1,87 8,99E-05 5,68E-05
2,78 0,58 0,76 2,11 1,95 8,80E-05 5,68E-05
3,06 0,63 0,81 2,18 2,01 8,65E-05 5,68E-05
3,33 0,67 0,85 2,24 2,06 8,54E-05 5,68E-05
3,61 0,70 0,89 2,29 2,11 8,45E-05 5,68E-05
3,89 0,73 0,92 2,33 2,15 8,38E-05 5,68E-05
4,17 0,76 0,95 2,36 2,18 8,33E-05 5,68E-05
4,44 0,78 0,97 2,39 2,20 8,28E-05 5,68E-05
4,72 0,80 0,99 2,41 2,22 8,25E-05 5,68E-05
5,00 0,82 1,01 2,43 2,24 8,22E-05 5,68E-05
5,28 0,83 1,02 2,45 2,26 8,19E-05 5,68E-05
5,56 0,84 1,03 2,46 2,27 8,17E-05 5,68E-05
5,83 0,85 1,04 2,47 2,28 8,15E-05 5,68E-05
6,11 0,86 1,05 2,48 2,29 8,14E-05 5,68E-05
6,39 0,87 1,06 2,49 2,30 8,13E-05 5,68E-05
6,67 0,87 1,06 2,50 2,30 8,12E-05 5,68E-05
6,94 0,88 1,07 2,50 2,31 8,11E-05 5,68E-05
7,22 0,88 1,07 2,51 2,31 8,10E-05 5,68E-05
7,50 0,89 1,08 2,51 2,32 8,10E-05 5,68E-05
7,78 0,89 1,08 2,51 2,32 8,09E-05 5,68E-05
8,06 0,89 1,08 2,52 2,32 8,09E-05 5,68E-05
8,33 0,89 1,08 2,52 2,33 8,09E-05 5,68E-05
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Appendix C3: Sample sensitivity analysis results for SO2 ab-
sorption into aqueous solutions

These sensitivities are most informative when the changes in parameter and out-

comes are sufficiently small so as to be well approximated by infinitesimals and when

parameters are sufficiently independent so that changes in outcomes due to each pa-

rameter may be examined separately. The ’one-factor-at-a-time’ (OAT) approach was

employed in this study. Samples of sensitivity analysis results are shown in Figures

C.1 through C.6. The results can be used to determine the multiplication factors

through which parameters in Table C.5 can be adjusted.

(a) SO2 kga sensitivity: water case (b) pH kga sensitivity: water case

(c) SO2 kLa sensitivity: water case (d) pH kLa sensitivity: water case

Figure C.1: Sample kga and kLa sensitivity analysis in aqueous solution.
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Appendix C4: Supplementary results for SO2 absorption into
limestone slurry

Table C.3: Concentrations of various in the species in the bulk gas and slurry

Time (hr) CSO2,bulkgas (mol/m3) CCO2,bulkgas (mol/m3) Stotal Ctotal Catotal CCaCO3 CCaSO3 · 0.5H2O pHslurry pHinterphase

(hr) (mol/m3) (mol/m3) (mol/m3) (mol/m3) (mol/m3) (mol/m3) (mol/m3)

0,00 7,61E-02 1,00E-23 0,00 0,00 0,00 46,19 0,00 6,64 6,64
0,83 2,08E-02 4,61E-07 1,89 4,38 4,38 41,81 0,00 7,38 6,65
1,67 2,08E-02 9,99E-07 3,53 8,54 8,34 37,65 0,21 7,34 6,71
2,50 2,08E-02 1,59E-06 3,91 12,62 10,94 33,58 1,67 7,30 6,70
3,33 2,08E-02 2,26E-06 3,48 16,59 12,66 29,60 3,94 7,26 6,67
4,17 2,08E-02 3,10E-06 3,05 20,48 14,27 25,72 6,21 7,21 6,64
5,00 2,08E-02 4,18E-06 2,71 24,26 15,87 21,93 8,39 7,15 6,59
5,83 2,08E-02 5,63E-06 2,45 27,94 17,44 18,25 10,50 7,08 6,52
6,67 2,08E-02 7,68E-06 2,23 31,51 18,95 14,68 12,56 7,00 6,45
7,50 2,08E-02 1,08E-05 2,07 34,97 20,41 11,22 14,57 6,90 6,35
8,33 2,08E-02 1,64E-05 1,93 38,32 21,77 7,87 16,55 6,76 6,21
9,17 2,08E-02 2,88E-05 1,82 41,54 23,04 4,65 18,50 6,55 5,99
10,00 2,08E-02 8,03E-05 1,75 44,58 24,18 1,61 20,41 6,13 5,56
10,83 2,08E-02 1,30E-03 2,07 46,17 24,25 9,89E-04 21,94 4,92 4,75
11,67 2,11E-02 4,16E-03 3,22 46,08 23,57 9,89E-04 22,62 4,41 4,32
12,50 2,15E-02 6,83E-03 4,54 45,89 23,06 9,89E-04 23,13 4,17 4,11
13,33 2,22E-02 9,27E-03 5,90 45,62 22,61 9,89E-04 23,58 4,02 3,96
14,17 2,31E-02 1,15E-02 7,28 45,27 22,22 9,89E-04 23,97 3,90 3,85
15,00 2,42E-02 1,36E-02 8,67 44,85 21,86 9,89E-04 24,33 3,80 3,76
15,83 2,56E-02 1,54E-02 10,06 44,36 21,54 9,89E-04 24,65 3,72 3,68
16,67 2,72E-02 1,71E-02 11,42 43,82 21,25 9,89E-04 24,94 3,65 3,62
17,50 2,91E-02 1,86E-02 12,76 43,22 20,99 9,89E-04 25,20 3,59 3,56
18,33 3,12E-02 1,99E-02 14,05 42,58 20,76 9,89E-04 25,43 3,53 3,51
19,17 3,34E-02 2,11E-02 15,30 41,89 20,55 9,89E-04 25,64 3,48 3,46
20,00 3,58E-02 2,20E-02 16,49 41,17 20,36 9,89E-04 25,83 3,44 3,42
20,83 3,83E-02 2,29E-02 17,62 40,42 20,19 9,89E-04 26,00 3,40 3,38
21,67 4,09E-02 2,35E-02 18,67 39,65 20,03 9,89E-04 26,16 3,36 3,35
22,50 4,35E-02 2,40E-02 19,66 38,85 19,89 9,89E-04 26,30 3,33 3,32
23,33 4,61E-02 2,44E-02 20,56 38,05 19,76 9,89E-04 26,43 3,30 3,29
24,17 4,86E-02 2,47E-02 21,40 37,23 19,64 9,89E-04 26,55 3,28 3,27
25,00 5,11E-02 2,49E-02 22,16 36,40 19,53 9,89E-04 26,66 3,25 3,25
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Appendix C5:Sample sensitivity analysis results for SO2 ab-
sorption into limestone slurry

(a) SO2 ktot sensitivity analysis:slurry case (b) CaCO3 ktot sensitivity analysis:slurry case

(c) CaSO30.5H2O ktot sensitivity analysis:slurry
case

(d) pH ktot sensitivity analysis: slurry case

Figure C.2: Sample ktot sensitivity analysis: slurry case.
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(a) SO2 kga sensitivity analysis:slurry case (b) CaCO3 kga sensitivity analysis:slurry case

(c) CaSO30.5H2O kga sensitivity analysis:slurry
case

(d) pH kga sensitivity analysis: slurry case

Figure C.3: Sample kga sensitivity analysis: slurry case.
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(a) SO2 kLa sensitivity analysis:slurry case (b) CaCO3 kLa sensitivity analysis:slurry case

(c) CaSO30.5H2O kLa sensitivity analysis:slurry
case

(d) pH kLa sensitivity analysis: slurry case

Figure C.4: Sample kLa sensitivity analysis: slurry case.
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(a) SO2 kLaCO2 sensitivity analysis:slurry case
(b) CaCO3 kLaCO2 sensitivity analysis:slurry
case

(c) CaSO30.5H2O kLaCO2 sensitivity analy-
sis:slurry case

(d) pH kLaCO2 sensitivity analysis: slurry case

Figure C.5: Sample kLaCO2 sensitivity analysis: slurry case.
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(a) SO2 kCaSO30.5H2O sensitivity analysis:slurry
case

(b) CaCO3 kCaSO30.5H2O sensitivity analy-
sis:slurry case

(c) CaSO30.5H2O kCaSO30.5H2O sensitivity analy-
sis:slurry case

(d) pH kCaSO30.5H2O sensitivity analysis: slurry
case

Figure C.6: Sample kCaSO30.5H2O sensitivity analysis: slurry case.

Appendix C6: Model input parameters and sensitivity adjust-
ments
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