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Kurzfassung

Der Einfluss von SO, auf die Absorption von CO, in
Kaliumcarbonat

Die meisten anerkannten Forscher sind sich heutzutage einig, dass die weltweite Reduktion
von CO, Emissionen und die damit verbundene Verringerung des Treibhauseffektes nur
durch weit reichendes Abtrennen und Sequestrieren von CO, mdoglich ist. Das Abtrennen, in
den meisten Fallen Absorbieren, von CO. ist der mit Abstand teuerste Prozessschritt und viel
Forschung wird weltweit unternommen, um eine Optimierung dieses Prozesses zu erreichen.
Die gleichzeitige Absorption von mehreren Schadstoffen, wie CO,, SO, und NO, aus
Rauchgasen in eine Kaliumcarbonatlésung (K.CO3) kénnte eine mogliche Kostenoptimierung
darstellen. Diese Arbeit im Speziellen, beschaftigt sich mit dem Einfluss von SO, auf die
Gleichgewichtskurve und das Absorptionsvermégen von CO, in eine 30%ige
Kaliumcarbonatlésung.

Durch die Absorption von SO, in Kaliumcarbonat kommt es zu einer Anderung der
Gleichgewichtskurve zwischen CO, und K,COs. Diese Anderung hat natiirlich Einfluss auf
das Absorptionsvermdgen und den Wirkungsgrad der CO, Absorptionsanlage. Es ist wichtig
herauszufinden, wie sich die Gleichgewichtskurve von CO, durch das Absorbieren von SO,
andert und wie diese Anderung den Wirkungsgrad des Prozesses oder der Anlage
beeinflusst. Der Zusammenhang zwischen der Menge an absorbiertem SO, und der
Anderung der Gleichgewichtskurve oder des Partialdruckes, zeigt diese Auswirkungen direkt
an.

Weiters ist eine Identifikation der ablaufenden Reaktion und der entstehenden Verbindungen
durch die Absorption von SO, wichtig. Die Flichtigkeit und die Léslichkeit des gebundenen
Schwefels in der Kaliumcarbonatlésung zeigen Moglichkeiten auf, wie das geléste SO, aus
der Losung wieder entfernt werden kann um einen kontinuierlichen Absorptions / Stripping
Kreislauf zu gewahrleisten.



Abstract

The Effect of SO, on the Absorption of CO, using Potassium
Carbonate

Today, most scientists are confident that carbon dioxide mitigation by carbon capture and
storage is the most feasible option to significantly reduce the level of carbon dioxide
emissions and with that slow climate change and even reduce the impact of the greenhouse
effect. The capture of CO,, which in most approaches is by absorption, is at present the most
cost intensive stage and hence significant scientific effort has been directed to find more
effective technologies. The simultaneously multi-component absorption of CO,, SO, and NO
from flue gas using potassium carbonate (K>CO3) solution is believed to be both a more cost
effective and attractive technology. Based on such a capture process, it was the aim of this
work to investigate the effect of SO, on the vapour—liquid equilibrium (VLE) curve and
absorption efficiency of carbon dioxide using a 30w% unpromoted potassium carbonate
solution.

As consequence of the absorption of SO, into the potassium carbonate solution, it would be
expected that the VLE curve of the CO,-K,COj3; system would change. This change in the
VLE curve implies an inherent effect on the absorption performance and efficiency of the CO,
capture unit operation. For the purposes of process design and operation it is important to
know how the CO, equilibrium curve will change with the absorption of SO, and how this
affects the CO, capture performance and efficiency. In this thesis, a direct relationship
between the absorbed SO, and the change in the CO, equilibrium partial pressure for the
carbonate system was shown both qualitatively and quantitatively.

Furthermore, identification of the underlying reactions and the species formed during the
absorption of SO, by the carbonate solution was another aspect investigated in this thesis.
Quantification of the resulting sulphur species was used to investigate their volatility and
solubility in the carbonate solution and used to investigate possible methods to regulate the
concentration of absorbed SO..
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Chapter 1 — Introduction 4

1 Introduction

1.1 General Introduction

1.1.1 Global Warming and the Greenhouse Effect

“‘An overwhelming body of scientific evidence indicates that the Earth’s climate is
rapidly changing, predominantly as a result of increase in greenhouse gases caused
by human activities.” [14, Part |, pp. 3]

“The causal link between greenhouse gases concentration and global temperatures is
well established, founded on principles established by scientists in the nineteenth
century.” [14, Part |, pp. 7]

Today, few scientists deny that combustion of fossil fuels is one of the major causes of global
warming and the greenhouse effect. Figure 1 illustrates the greenhouse effect and shows
the problems that occur with the increase of CO, and other greenhouse gases. By increasing
the concentration of greenhouse gases, more of the infrared radiation and with that energy
will be absorbed and retained within the atmosphere which leads to an unavoidable increase
of temperature in the lower atmosphere.

3 Mostinfrared radiation &
escapes to outer space,
cooling the Earth

4. Some infrared

1. Solar radiation radiation is trapped A
passes through the by greenhouse ;i
atmosphere and gases, thus
wiarms the surface of reducing the
the Earth cooling

»

2. Infrared radiation is
given off by the Earth

Figure 1: The greenhouse effect [14].

Since the pre — industrial times (around 1750), the concentration of carbon dioxide in the
atmosphere has increased from 280ppm to 380ppm [14]. Including other greenhouse (Kyoto)
gases which with CO, are responsible for global warming, particularly methane and nitrous
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Chapter 1 — Introduction 5

oxide, the CO, equivalent concentration (CO.e) in the atmosphere is now around 430ppm
and rising at about 2.3 ppm per year [14].

450

430 A Carbon Dioxide

Kyoto Gases + CFCs

410 YO0 GASES //
390
A

Radiative Forcing in
Equivalent Concentration of Carbon Dioxide ( ppmv)

1850 1870 1820 1910 1930 1950 1970 1990

Figure 2: Atmospheric CO, concentration from 1850 — 2000 [14].

Shown in Figure 2 is the increase of CO, and greenhouse (Kyoto) gases starting from 1850
until today. For future trends and scenarios, various models were used that predict a
prognosis within a wide range and with high uncertainty, but in all cases the concentration of
the greenhouse gases increase significantly. Figure 3 shows some possible trends and the
IPCC Report for Climate Change [15] and the IPCC Special Report -Emissions Scenarios
[16] provide more detailed information and explanations for the different scenarios.

Direct
measurements

ppm lee core data Projections ppm
1000 r1000 ;
Scenarios
— B
900 1 900 a7
: . ATFI
800 ) A2
g — B
$ — B2
700 ] t 700 __ 5922
800 ] £ a0
500 ] [ 500
400 ] [ 400
300 e L 300
200 ] [ 200
100 ] L 100
0 - : | | : - 0
1000 1200 1400 1600 1800 2000 2100

Figure 3: Past and future CO, atmospheric concentrations [15].
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Chapter 1 — Introduction 6

As a consequence of the greenhouse effect, the temperature is observed to increase with
rising of the CO, concentration in the atmosphere. Our earth has warmed by 0.7°C since
1900 [14] and with continued burning of more fossil fuels the warming will increase
significantly. Based on the different models Figure 4 illustrates the possible temperature
change for the next 100 years.

Temperature change (°C)
b

1 765 = 21 00 Scenarios
6] . — A1

: ——-BIT

----- A1FI
— A2
5 ‘ —B1
Several models all X pa— -7,

SAES envelope il 1892¢ high (TAR method)
A T —— 18928 (TAR mathod)
= o BT B 1892¢ low (TAR method)
Model ensermble : / - Range in 2100

all SRES envelope

| Bars show the
| range in 2100

h \ produced by
| several models

18bO 19&] EdOD 21IOD L |
Year LT %—" Ad
Figure 4: Variations of the Earth's surface temperature from 1765 to 2100.

As seen in Figure 3 and Figure 4 there is a direct link between the atmospheric CO,
concentration and the rising of the temperature. This climate change will have an effect on
health, environment, food production and access to water for people all over the world.

“Most climate models show that a doubling of pre-industrial levels of greenhouse
gases is very likely to commit the Earth to a rise of between 2 — 5°C in global mean
temperatures. This level of greenhouse gases will probably be reached between 2030
and 2060.“ [14, Part I, pp.2]

The economic effects of climate change are significant. Stern [14] predicts that the overall
costs of climate change will be equivalent to losing at least 5% of global GDP (Gross
Domestic Product) each year, now and forever if we do not act. The only way to reduce the
impact of global warming is to stabilize the concentration of greenhouse gases in the
atmosphere at the lowest possible level. The costs for stabilizing the concentration at 500 —
550ppm CO.e to reducing the greenhouse effect and avoid the worst impact, would only be
about 1% of the global GDP each year if we start strong actions now [14]. Even if Stern’s
pessimistic conclusions are overestimated and the effects are not so significant, it is clear
that actions against global warming have to be undertaken soon.
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Chapter 1 — Introduction 7

The main actions against the greenhouse effect are:

Conservation and energy efficiency
e Renewable energy

e Nuclear energy

¢ Coal to gas substitution

e Carbon Capture and Storage (CCS)

From an environmental and sustainability point of view, nuclear energy cannot be seen as a
satisfying solution against global warming. Even if energy efficiency, renewable energy
sources and coal to gas substitution will be commonly applied, the ambitious goal of a stable
CO, concentration in the area of 500 — 600ppm is unlikely to be achieved. To date, Carbon
Capture and Storage (CCS) is the only foreseeable solution for a significant reduction of the
carbon dioxide emissions.

“CCS involves the use of technology, first to collect and concentrate the CO,,
transport it to a suitable storage location, and then store it away from the atmosphere
for a long period of time. CCS would thus allow fossil fuels to be used with low
emissions of greenhouse gases.” [13, pp. 19]

The data presented in Figure 5 [21] shows that based on the 1S92a scenario [22] possible
reduction of future atmospheric CO, concentration through the application of CCS. The
IS92a is a middle range scenario (see Figure 3 and Figure 4) which is most widely accepted
and predicts an atmospheric CO, concentration of about 700ppm in the year 2100. This
scenario also includes very significant increase in renewable energy and energy efficiency,
which for on their own are not easily achieved. With the application of intensive CCS to
power plants and also to transportation, the atmospheric concentration of CO, could be
reduced to about 570ppm in the year 2100 [21].
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Atmospheric concentrations of CO, for the baseline and the CCS
scenarios, 2005 - 2100

750

1S92a Application of
70 He—=— Scenario 1 ~ CCS to electricity
esol |77 == Scenario 2 / generation

600 / -/ Application of
A// e ¥ ccsto
550 —— == transportation
//‘_,.:-"' (via H, or electric
500 -

- power)
- /
400
350

/

Atmospheric CO,concentration (ppm)

2005 2015 2025 2035 2045 2085 2085 2075 2085 2095
Year

Figure 5: Potential reduction of atmospheric CO, concentration with CCS.

1.1.2 Carbon Capture and Storage (CCS)

As mentioned earlier, Carbon Capture and Storage consists of three main parts, captures,
transport and storage of the COs,.

Figure 6 illustrates the possibilities of Carbon Capture and Storage. Electricity or hydrogen is
produced by burning of fossil fuels, the CO, is captured and then transported to the different
sinks, such as geological or ocean storage.

Figure 6: Schematic diagram of possible CCS Systems [17].
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Chapter 1 — Introduction 9

1.1.21 Different Capture Technologies

Apart from natural gas processing, where CO, capture is already an applied and proven
technology, there are three main approaches for capturing the CO, generated from a primary
fossil fuel (coal, natural gas or biomass).

NATURAL GAS PROCESSING
Example of

processing natural
gas with high

CO, content
| Natural Gas

ELECTRICITY GENERATION / HYDROGEN PRODUCTION

Post-combustion
capture of CO,

Remove Compress
I—) impurities [ fuel - [~ LNG/PIPELINE QUALITY GAS

Remove
Capture water & L3
CO, impurities

Compress
2

v

Transport,
inject &

Air Exhaust gas

store CO,

I Remove
Prepare Oxidise Recover Remove Capture Compress
fuel P tuel 'P{ heat [P impurities (¥ c0, [P m:’::l‘j{“:‘! €O,

POWER PROCESS HEAT
Pre-combustion POWER
capture of CO, ‘f‘
geee Air, O
Provide [Fin] 5 Oxidise Recover
oxidant #| hydrogen + heat _> PROCESS HEAT
¢Sleam. air, 0, THydrngen
Remove
Carbon-basad Frepare + React _) _Remov_te _) Capture _} water & Compress
P fuel fuel impurities co, impurities €O,
Air
Oxy-fuels Air —J separation = NITROGEN
nit
il H,0
. 1
Remove
Prepare Oxidise Recover Remove Capture Compress
fuel (P fuel [P heat [P impurities P CO; ir::::ﬁ;:s co,

v +

POWER PROCESS HEAT

Figure 7: Overview of CO, capture processes and systems [17].

e Post-combustion: Capture of CO, from a flue gas produced after the burning of
the primary fuel with air. Normally liquid solvents like amines or alkaline —
carbonates are used to absorb the CO; into the solvent. Typical CO, flue gas
concentrations are between 3-15%, in which the major component is N, from air.
Post-combustion can be installed in existing power plants, without major
modifications.

e Pre-combustion: A synthesis gas mixture, mainly containing CO and H, is
formed by processing the primary fuel with steam and air or oxygen. In a shift
reactor additional H, is produced and the CO is converted into CO,. CO, is then
captured from the hydrogen. Advantages over the post-combustion are the higher
CO, concentrations, typically in a range of 15 — 60% and the higher pressures
which enhances the capture performance.

e Oxyfuel combustion: The primary fuel is burned with pure oxygen instead of air,
so mainly CO, and water vapour are formed. CO, then can be captured easily by
condensing out the water. The flue gas stream has high CO, concentrations up to
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Chapter 1 — Introduction 10

80% but a significant amount of energy is necessary to separate the oxygen from
air [13].

11.2.2 Transport and Storage of CO;

After capture, the pure gaseous CO, is compressed to a pressure above 80 bar and then
transported in a pipeline to the storage site. CO, can also be liquefied and transported in
ships, road or rail tankers.

Storage of CO, can be realised either in the ocean or geological formations. In geological
formations there are basically three main options, storage in depleted oil and gas reservoirs,
use of CO, to enhance oil and gas recovery (EOR) and storage in deep saline formations.
Injecting the CO, underground involves basically the same techniques that have been used
in the oil and gas exploration over the last few decades. The storage of the CO, will take
place at depths below 800m, where the pressure and the temperatures are usually so high
that the CO, will remain in a liquid or supercritical state.

Ocean storage, as a potential CO, sink, is still in an early research phase. The idea being
that CO, will be injected directly into the ocean to depths greater than 1000m, where most of
it would be isolated from the atmosphere for centuries.

Unlike CO, capture which is a proven technology with low risks, the long term effects of
stored CO, can only be simulated. A lot of work in risk assessment and modelling is made to
predict safe and long term storage options. [13]

1.1.2.3 Costs of CCS

Determination of the total costs of capture, transport and storage is really difficult and all the
scenarios have a high degree of uncertainty. The major costs are in the capture and
compression steps and are presently estimated to represent about 70-90% of the total CCS
costs [23].

m Capture and Compression
W Transportation
Storage

Figure 8: Composition of total CCS costs.
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The costs for transport are in a range of 1 - 8 US$/CO; yransported @and strongly depended on the
distance, for geological storage the cost is estimated at between 0.5 — 8 US$/COg njected >
whereas the captures costs are estimated to be in the range of 15 — 75 US$/ CO2 capturea fOr
coal or gas fired power plants [13].

Table 1 shows a range of the total costs for CCS based on current technologies for new

power plants. Costs are given per ton CO, avoided.

Table 1: Range of total costs for CO, capture, transport and geological storage.

Integrated coal

. Natural gas L
Pulverized coal ) gasification
combined cycle .
power plant combined cycle
power plant
power plant
Increased fuel requirement % 24 - 40 11-22 14 - 25
CO, avoided % 81-88 83 -88 81-91
Cost of CCS US$/CO ;3 ayoided 30-71 38-91 14 -53

1.2 Purpose of the Study

Pre — combustion or the Oxyfuel process are potential technologies for low emission power
plants in the future. However these technologies are only serviceable if new power plants
specially aligned for these technologies are built. Only post combustion can provide a
solution were CO, can be captured from existing power plants, without significant
modification. Also, for new power plants it is possible that post combustion is the most cost
efficient solution for the capture of CO, and so a lot of research effort is currently directed
into improving the performance and efficiency of this technology.

Many different solvents have been tested over the last years, especially amine and
carbonate base. It turned out that amine based solvents have a slightly better performance
then unpromoted carbonate solutions. The most common used solvent on amine base is
MonoEthanolAmine (MEA). The absorption of CO, with MEA is effective but there are also
some important limitations and problems. With time and the presence of flue gas impurities,
such as SO,, NO, and O,, MEA degrades and forms a variety of substances that decrease
the absorption of CO,. The capture of CO, with MEA is only possible in flue gases with low
SO, concentrations because the SO, reacts with the MEA and degrades it. For European
power plants where flue gas desulphurisation (FGD) is required and a proven operation, this
is not a prohibitive issue as remaining SO, concentrations are not high enough to have a
significant adverse affect on MEA. In Australia, the majority of the power plants do not have
flue gas desulphurisation, hence this limitation is important. In such instances an additional
FGD unit has to be installed to enable the use MEA as a CO, absorption solvent. This results
in higher capital investment costs and opens new possibilities for carbonate based solvents
such as potassium carbonate solution (K,CO3). To increase the CO, absorption performance
of potassium carbonate solutions promoters are used, but these promoters are often organic
or amine based and so are also susceptible to SO, degradation.
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Chapter 1 — Introduction 12

As an inorganic material, pure potassium carbonate is resistant to irreversible degradation by
SO, and in fact it is possible to capture SO, using potassium carbonate solutions. For NO,,
another important pollutant present in flue gases, the capture using potassium carbonate is
also believed to be possible.

In Europe, the standard flue gas treatment in power plants (especially coal fired power
plants) has a SO, and NO, - removal. In most processes the SO, is precipitated out as
gypsum using calcium — carbonate (CaCQO;3) as a solvent. For the NO, — removal via reaction
with ammonia (NH3;) converts the pollutant into pure N,. As an additional step, the
absorption/desorption process for CO, capture would follow the SO, and NO, removal, as
shown in Figure 9.

SO, removal NOy removal CO, capture
— B 1
untreated | _ ~=pmasal [rr.e) e, clean
flue gas I = : flue gas

—_—] e . 1 F————

- e, | W T

—— Shaylt

gypsum N, captured CO,

Figure 9: Multi stage flue gas treatment including CO, capture.

This multi-stage flue gas treatment has both high capital and operating costs, however the
advantage is that the technologies are proven and the efficiency is relatively high.

A possible solution to reduce capital and operating costs significantly is instead of the multi-
stage flue gas treatment, the SO,, NO, and CO, are absorbed in a one process step only, as
shown in Figure 10. Potassium carbonate seems to be an appropriate solvent, to absorb
each of these components simultaneously. For existing power plants without advanced gas
treatment, it would be a good chance to improve their emissions with relatively low
investment costs compared to the standard multi-stage process. This would especially useful
in Australia, where brown and black coal fired power plants with high sulphur concentrations
are the main source of the energy, such a process would increase the quality of the exhaust
gas significantly.
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untreated clean
flue gas flue gas
—— o ] -

captured CO,, SO,
and NO,

Figure 10: Single-stage SO,, NO, and CO, capture process.

The process is similar to the standard absorption/desorption process. Important for the
practical viability of such a process is the further treatment of the absorbed SO, and NO,.

1.3 Goals of this Study

Based on the overall goal to ascertain the possible industrial use of a one step simultaneous
absorption of SO,, NO, and CO., the individual goals of this work were determined.

The main goal of this work was to investigate the effect of SO, on the equilibrium curve and
absorption efficiency of carbon dioxide using 30w% of unpromoted potassium carbonate
solution.

The ability to absorb a gas into a liquid is given by the vapour — liquid — equilibrium (VLE)
between the gas and the solvent. The vapour — liquid — equilibrium curve expresses the
relationship between the equilibrium partial pressure of the gas and the concentration of the
dissolved gas in the solvent. This curve is a measurement how much of a gas can be
absorbed into a solvent and one of the key issues for the design of every absorption process.

“Finding reliable gas — liquid and vapour — liquid equilibrium data may be the most
time — consuming task associated with the design of absorbers and other gas — liquid
contactors, and yet it may be the most important task at hand.” [2 p. 14-4]

Due to the absorption of SO, into the potassium carbonate solution, the VLE — equilibrium
curve between CO, and K,COj3; will change. This change can have effects on the absorption
performance and efficiency of the CO, capture unit. It is important to know how the CO,
equilibrium curve is changed with the absorption of SO, and how this affects the performance
and efficiency of the process. A quantitative relationship between the absorbed SO, and the
change of the equilibrium partial pressure shows directly this influence.

The identification of the underlying reactions and the species formed during the absorption of
SO, and with that a quantitative analysis of these species, is another aspect of this work.
Furthermore, investigation of the volatility and the solubility of the sulphur species in the
solution will give possible methods for the removal of the dissolved SO, from the solvent.
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2 Theoretical Part

2.1 Basics about Gas Absorption
2.1.1 Physical Absorption

21.1.1  Vapour Liquid Equilibrium

“At equilibrium the chemical potential of the gaseous form of substance A is equal to
the chemical potential of its condensed phase.” [1, pp: 171]

The chemical potential of an ideal gas can be written as [1]:

b= +RT~In[£O] (1)
p
L = chemical potential at pressure p and temperature T
,uo = standard chemical potential at pressure p° and temperature T

To switch from the ideal to the real system, the fugacity was introduced. The chemical
potential for mixtures is then [8]:

M= RT-an—gj (2)

fi
f°

fugacity of species i
standard fugacity of species i

If all the phases are in equilibrium the chemical potential and resulting to that the fugacity
have to be equal.

(fori=1,2,3....N) (3)

liquid phase
gaseous phase

(oL

The relation between the fugacity and the pressure for the liquid phase and equivalent for the
gaseous phase is given by the fugacity coefficient [8]:
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f
¢| = 1 (4)
X.-p
OF = fugacity coefficient of species i in liquid phase
Xi = mole fraction of i in liquid phase
p = total pressure

Another useful factor is the activity coefficient [2]:

i activity coefficient of species i in solution

In practice the fugacity coefficient is used for the gaseous phase and the activity coefficient
for the liquid or solid phase. For ideal conditions and low pressures, both the fugacity and the
activity coefficient are equal to 1.

The equation for the equilibrium can then be expressed as:

fr =1£°

And from Equation(4) and (5) follows that [7]:

7i'fi0'xi=¢i'yi'p (6)

The fugacity coefficient can be calculated using the Virial or cubic equations of state, which
describe PVT behaviour of fluids (gases or liquid). The more common equations are the Van
der Waals — Equation, the Soave — Redlich — Kwong — Equation (SRK) and the Peng —
Robinson — Equation (PR). The activity coefficient can be calculated using the free excess
Gibbs energy and for unsymmetrical activity coefficient with the extensions of the Debye —
Huckel — Theory. The exact calculations of the fugacity and the activity coefficient will not be
explained in this work (see Literature [7] or [8]).

For the standard fugacity f° used in Equation(5) two different approaches are typically used:

1. f°is the fugacity of the pure liquid at pressure p and temperature T [8]

fi0 (pis) = ¢|S 'piS (7)

pi = saturation vapour pressure of species i [kPa]
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The solution of this equation is [8]:

0= ¢°-p°-Poy, ®)

Poyi Poynting — Factor

For most practical applications the exact solution is not required, so the simplified
expression is:

2. f2is the Henry’s constant H;

Henry’s constant of a soluble substance i is the slope of the fugacity for a concentration
of xi—0 [2]

T
H, = l'ToZ (10)
f°=H 11)

For these two approaches the equilibrium equations for the liquid phase are according to
Equations(5) and (8) [8]:

f =Xi'7i'¢|s'piS'Poyi (12)
And according to Equations(5) and (11):
f =7 'Hij (13)

7t = unsymmetrical activity coefficient

For the gas phase results from Equation(4):
f=y.-4-p (14)

If the gas and the liquid phase are ideal the simplification results in Raoult's and Henry’s
Law.
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Raoult’s Law:

P =%-p’ (15)
pi = equilibrium partial pressure of species i [kPa]
Henry’s Law:

p* =X -Hy (16)

1

The relationship between the partial pressure and the mole fraction of the soluble ideal gas is
given by Dalton’s Law.

P =Y P (17)

Nearly pure solvents (x,—1) obey Raoult’'s Law, hence the vapour pressure is proportional to
the mole fraction with a slope p?°. For the solute, with a concentration x—0 the vapour
pressure is proportional to the mole fraction times the Henry constant (Henry’'s Law). Such
mixtures are called ideal — dilute solutions.

1 Ks
N
o \‘$
= N
2 &
o &
QL
&
é},«’ -~ P8
Q. )
S B\
> S
N .-"'-‘\0{\
/&%°
0 1

Mole fraction of B, xg

Figure 11: Raoult’s Law, Henry’s Law and real performance of a species i in solution [1].
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211.2 Two Film Theory

The local mass transfer between a gas and a liquid phase is described by the two film theory
from Whitman and Lewis [5]. It is based on the assumption that there is a thin film between
the gas and the liquid phase where the transfer proceeds through molecular diffusion. There
is no resistance at the interface between those two phases, the resistance is only in the bulk
gas and liquid phases. As a result the gas and the liquid phase are in equilibrium at the
interface that is they have the same chemical potential. In the thin film interface fluid the flow
is strictly laminar, outside the film region the fluid flow is completely turbulent. In the turbulent
flow region the solute concentration is uniform and no concentration gradient exists.
However, a mass transfer gradient exists in the thin interface layer between the gas and
liquid phases. According to Fick's Law the rate of mass transfer by diffusion in the laminar
flow region is proportional to the concentration gradient and the interfacial area. Fick’s Law is
only valid for low solute concentrations, as for such systems the gradient is a straight line.
For higher concentrations the gradient is curved according Stephans law [3],[5],[6].

w
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Of g | = -E' —
o Pien = 1 ° o <
5 3 | = o)
> o o c X
& 2 | 5 c 82
o . E iPh_
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i gas af film | C Ec:
2 S |
[ T
o I

[
Interface

Figure 12: Concentration profile for absorbed component A [5].

The specific mass transfer through the thin interfacial layer can be described by the following
expression [2]:

nA=kG’ ’(pi - piPh)=kL! '(CiPh' Ci) (18)
or alternatively [2]

Na=Kg '(yi - yiPh)=kL ’(XiPh' Xi) (19)
Na = specific mass transfer rate [kmol/(s*m?)]
ke = gas — phase mass transfer coefficient [kmol/(s*m?)]

L« CONCRC 6.

MELBOURNE



Chapter 2 — Theoretical Part 19

kg’ = gas — phase mass transfer coefficient [kmol/(s*m**kPa)]
pi = solute partial pressure in bulk gas [kPa]

Pirh = solute partial pressure at the interface [kPa]

k. = liquid — phase mass transfer coefficient [kmol/(s*m?)]

k.’ = liquid — phase mass transfer coefficient [kmol/(s*m?*kmol/m?3)]
Ci = solute concentration in bulk liquid [kmol/m?3]

Ciph = solute concentration in liquid at interface  [kmol/m?]

Vi = mole fraction solute in bulk gas phase [kmolsoiute/KMOIgas]
Yirh = mole fraction solute in gas at interface [kmolsoiute/KMOIgas]
Xiph = mole fraction solute in bulk liquid phase [kmOlsoiute/kmMOliiquia]
X; = mole fraction solute in liquid at interface [kmOlsojute/kMOliiquia]

The differences in molar concentration Ay and Ax are the driving force for mass transfer. The

mass transfer gradient is then [3]

m:-k_Lz YiYien (20)
kG Xi-Xipp,

In practice it is nearly impossible to determinate the solute concentration at the interface.
This is because the layer is so thin that no samples of the layer can be taken.

Due to the fact that the equilibrium distribution curve is unique at fixed temperature and
pressure, the vapour composition y;* in equilibrium with the bulk liquid concentration x; is
proportional to the interfacial concentration xpn. If the equilibrium relation y*=f(x) is
sufficiently simple, such as for ideal diluted solutions, y;* can be calculated using Henry’s Law
and it is not necessary to solve for the interfacial composition.

The overall rate of mass transfer can then be defined as [2]:

nAzKG '(Yi - Yi*>=K|_ '(Xi*_ Xi) (21)
Ka = overall gas — phase mass transfer coefficient
KL = overall liquid — phase mass transfer coefficient
v = vapour composition in equilibrium with x;
X = liquid composition in equilibrium with vapour of composition y;
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Figure 13: Driving Forces at the mass transfer.

The relationship between the overall mass transfer coefficient, and the gas and liquid phase
mass transfer coefficient is given by the expression [2]

nA=KG '(yi - Yi*) = kG '(yi - yiPh) = k|_ '(XiPh' Xi) = KL '(Xi*- Xi) (22)

For the gas transfer [2], [5]:

LI B T 7 (23)
I(G kG yl - y|Ph
1 1
= (24)
kG (y. y|Ph) kL '(XiPh X|)
i - i Yi - Yien —l—i- Yipn -yi* (25)
KG kG Yi = Yien e Yi~Yin
A Ve oy (26)
KG kG kL Xipn = X
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If the equilibrium curve obeys Henry’s Law, the last term of the equation is equal to the slope
of mass transfer as defined before [2].

i = + (27)
KG kG kL
For the liquid transfer [2], [5]:
i = i Xi =X (28)
KL kL Xipn = X
i = i Xipn = X +i, Xi* - Xipn (29)
KL kL Xipn = X kL Xipn = X
A1 X X (30)
KL kL kG Yi = Yien

(31)

These equations show that the resistance of the overall mass transfer is the sum of the
individual gas and liquid phase transfer resistances.

In instance that the equilibrium line is straight that is equilibrium curve obeys Henry’'s Law,
the relationship between gas and liquid phase overall mass transfer coefficient is [2]:

=m-K, (32)

L
When the equilibrium curve is almost horizontal (m—0), the majority of substance A will be in
the liquid phase that is A is very soluble in the liquid phase. As a result the factor 1/Kg is the
dominant resistance and the process is considered gas phase controlled. An example of
such a system is NH; in H,O. To decrease the resistance it is important to keep the gas
phase turbulent (e.g.: spray tower).

Conversely if the equilibrium curve has a steep gradient (m—), the majority of a substance
A will be in the gas phase. That is, A relatively insoluble in the liquid phase. In this case the
main resistance is 1/K, and the process is liquid phase controlled (e.g. O, in H,O). For a low
mass transfer resistance the liquid phase has to be turbulent, such as in bubble columns and
aeration tanks [8].
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The described mass transfer process is only valid locally. In practical applications the mass
transfer varies from place to place because the bulk concentrations from the gas and liquid
phase are not constant. According to the driving forces the variation is big for co-current flow
and small for counter current flow. To get the average mass transfer over an apparatus it is
either possible to determine a logarithmic average driving force or to solve the problem with
integration from the inlet to the outlet concentration (HTU — NTU concept).

In most types of mass transfer unit operations the effective area for the mass transfer cannot
be determined, hence the rate of transfer is generally based on per unit volume basis. This
results for the overall mass transfer rate [2]:

(33)

= + l (34)
K.-a k. -a kg-am

a = effective interfacial mass transfer area per unit volume [m?/m?]

2.1.2 Chemical Absorption

Manly commercial gas absorption processes such as absorption of CO, in aqueous
solutions, involve both physical and chemical absorption. Following mass transfer from the
gas phase to the liquid phase, a chemical reaction takes place. This reaction normally
enhances the rate of absorption and increases the capacity of the liquid phase to dissolve
the solute in comparison to physical absorption [2],[11].

21.21 Chemical Absorption of CO; in Alkaline Solutions

2.1.21.1 Mechanism of CO, Absorption

Due to the fact that CO, is an acid gas, any alkaline solution is eligible as a chemical solvent
for its absorption. In practice aqueous solutions of alkaline are used to absorb CO..

For all aqueous alkaline solutions the basic chemical reactions with CO, are [18][19]:

CO,+ OH = HCO, (35)
HCO, +OH = CO,*+H,0 (36)
H,0 2 H'+OH (37)
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The equilibrium constants for these reactions at 30°C are [18]:

—_ [HCO3_] =3 2107 I

TICO-oHT T mol (38)

— [0032-} — s |
K2—[OH_].[HCOB_]—3.5-1O m (39)

Ky, =[H*] : [OH-]=1 0 (40)

equilibrium constant of Equation (35)
equilibrium constant of Equation (36)
equilibrium constant of Equation (37)

)
S
i n

Equation (36) and (37) have very high rate constants, hence these equations can be
regarded as instantaneous reversible reactions. This implies that the reaction is in
equilibrium all the time.

The formation of bicarbonate, Equation(35), is practically an irreversible second order
reaction that is first order with respect to both [CO,] and [OH].

The rate of reaction for the bicarbonate formation is given by the following equations [11]:

r=k-[0H‘]-([COZ]-[C_OZD (41)
[Co ]JHC& (42)
4 [oH K,
r rate of reaction [mol/(I*sec)]

reaction rate constant

The reaction rate constant for this reaction over the temperature range 0°C — 110°C can be
calculated using Equation(43) [11]:

log(k) =13,635 - 252

+0,08-1 (43)

l; lonic strength

In carbonate — bicarbonate solutions the formation of [OH] ions, which are necessary for the
chemical absorption of the CO,, takes place via the reversible instantaneous reaction
described by Equation(36).
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The overall reaction of chemical CO, absorption in alkaline solutions is given by the addition
of Equation(35) and (36):

CO, + CO,> + H,0e==2-HCO,’ (44)

According to the paper of Hikita [29] the absorption of CO, in carbonate solutions is
accomplished via a two step reaction process, the irreversible second order Reaction (35)
and the instantaneously reversible Reaction (36) [18],[19].

CO,+OH 2 HCO,

A+B 5 C (45)

HCO, +OH = CO,>+H,0

C+B —2>E (46)

2

During the CO, absorption / desorption process, the alkaline carbonate solution behaves as
a buffer solution, thereby maintaining the pH at a high value.

For the determination of the equilibrium partial pressure, the molarity and the degree of
saturation, in further use also called solvent loading, are introduced.

“‘By molarity m the total equivalent concentration of species that may react
equimolarly with component A is intended.” [11, pp: 65]

The degree of saturation y is defined as follows:

“ym is the total concentration of chemically combined A in the liquid phase. The
variable y takes values that may range between zero and unity if the molarity m has
been defined appropriately.” [11, pp: 65]

For the carbonate system the molarity and the degree of saturation are defined as: [11]

m=[co3z']+%-[H003-] (47)

Hence the degree of saturation, or solvent loading is then:
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B [HCO, |
"2 Tco#J+[Hco, |

(49)

The equilibrium constant of the overall CO, absorption reaction (Equation(44)) can be
calculated for 30°C from the individual equilibrium constants from literature by dividing
Equation(38) through Equation(39). At the temperatures of 90°C and 100°C, the overall
equilibrium constants were obtained from the simulation of ASPEN PLUS, where the
equations for the individual reactions Equation(50) and (51) were given:

HCO, +H,0—5H,0" + CO,” (50)
CO, +2-H,0—%»H,0" + HCO, (51)

The individual equilibrium constants are given as a function of temperature in the form:

in(K)=A+ 2 +Cin(T) +D.T (52)

The equilibrium constant of the overall reaction (Equation (44)) is then given by:
K=—= (53)

K = equilibrium constant of the overall Reaction (44)

Table 2 shows the equilibrium constants for the absorption reaction of CO, in K,CO; from
literature [18] and [19] and from the simulations of the ASPEN PLUS software package. The
values at 30°C fit together pretty good and also a comparison at 90°C and 100°C with a
diagram in the paper of Savage [19] shows a good compliance.

Table 2: Equilibrium constants for the absorption of CO, in K,COs.

30°C 90°C 100°C

Literature: Hikita 9142
Literature: Savage ~6200 ~5800
ASPEN PLUS Simulation 9031 5935 5588
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21.2.2 Chemical Absorption of Sulphur Dioxide in Alkaline Solutions

Sulphur dioxide is absorbed into a potassium carbonate solution by the following reaction [5]
K,CO,+ SO, - K,SO,+ CO, (54)

As shown, sulphur dioxide reacts with carbonate to form both sulphite and CO,. The carbon
dioxide subsequently reacts according Equation (44) resulting in the formation of
bicarbonate.

K,CO,+ CO,+ H,0 —» 2KHCO, (55)
If it is possible for sulphite to react further with sulphur dioxide, bisulphite is formed
K,SO,+ SO,+ H,0 —» 2KHSO, (56)

The maximum amount of SO, per mol of potassium carbonate is realised if both reactions
(54) and (56) occur.

If oxygen or any other oxidant is present, the sulphite can partially react to sulphate

K,SO,+ %oz —K,SO, (57)

2.2 The Gas Absorption Process

“Gas absorption is a unit operation in which soluble components of a gas mixture are
dissolved in a liquid. The inverse operation, called stripping or desorption, is
employed when it is desired to transfer volatile components form a liquid mixture into
a gas.” [2, pp: 14-4]

2.2.1 Equipment and Design Parameters

The most commonly used equipment for absorption and stripping unit operation are vertical
cylindrical columns or towers. These units are typically filled with internal elements such as
plates or packing, to enhance mass transfer performance. According to the better efficiency,
the gas and the liquid flow are counter-current and the devices increase the interfacial
surface, through which the mass transfer takes place. As the total interfacial surface area is
directly proportional to the mass transfer, plates or packing elements should be selected to
provide optimal specific surface area.

For the design of appropriate gas absorption equipment there are three basic requirements
or steps [2]:

e Vapour — Liquid equilibrium data for the system
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e Determination of the required height of the absorption column, including the height
of a transfer unit, plate efficiency, theoretical number of transfer units, ...

e Details of the liquid and gas handling capacity device, including pressure drop,
mechanic design, optimum balance between energy requirements and capital
costs

Perry’s Chemical Engineers’ Handbook suggests that for the design of an absorption column
the following parameters are important and need to be determined:

1. The best solvent
2. The best gas velocity through the absorber, namely the vessel diameter

3. The height of the vessel and its internal members, which is the height and type of
packing or the number of contacting trays

4. The optimum solvent circulation through the absorber and stripper

5. The temperatures of streams entering and leaving the absorber and the quantity of
heat to be removed to account for heat of solution an other thermal effects

6. The pressures at which the absorber and the stripper will operate

7. The mechanical design of the absorption and stripping vessels (normally columns or
towers), including flow distributors, packing support and so on. “ [2, p: 14-5]

The selection of the solvent and with that the solubility of the gas in the liquid, is one of the
most critical steps of the design and operation parameters. Inherently it is preferred that the
gas has a high solubility in the liquid phase. Other important parameters include the cost, the
solvent volatility, the corrosivity, the viscosity, the foaming properties etc.

The solubility of the gas component can be expressed as the vapour pressure of the pure
component over a specific solution. For the complete specification of the solubility three key
parameters are required:

e Temperature of the system
e Equilibrium partial pressure of the soluble gas component in the gas phase
e Concentration of the soluble gas component in the liquid phase

For low pressure systems (pyt < 5 atm), such as the treatment of the flue gas streams, the
partial pressure is relatively independent of the total pressure of the system.
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The stripping process, the reverse of absorption, has the aim to remove the absorbed gas
component from the liquid by heating and contacting with another gas stream. For the
majority of industrial applications water vapour is used as the stripping gas.

To alter the equilibrium position and with that the solubility of the absorbed gas, the pressure
or temperature has to be changed during the stripping process. The solubility and hence
absorption of gas in a liquid increases with higher pressure and decreases with higher
temperature. Hence for stripping the pressure is typically decreased and the temperature
increased.

2.2.2 Flow Sheet and Mode of Operation

A typical flow sheet for an absorption and stripping process is shown in Figure 14 [2]:

Treated gas
Soiute gas

Cw
Cw - _ =
$Feed- __
product _ __y Recovered
exchanger | solute
> - Reboiler
solvent solvent
Solute-rich Condensate  Steam

feed gas

Figure 14: Gas absorber using a solvent regenerated by stripping.
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The untreated feed gas enters the absorption tower at the base and is contacted with the
solvent in a counter-current flow arrangement. For industrial CO, absorption the solvent may
be either an amine such as MEA or DEA or an alkaline — carbonate such as potassium
carbonate with or without promoter. During the pass through of the absorber the solute gas is
absorbed from the gas stream into the liquid phase according to the vapour — liquid
equilibrium curve. The counter — current flow arrangement in the column provides a relatively
constant solute concentration difference and hence driving force for mass transfer between
the gas and the liquid phases. It is assumed that however the gas and the liquid phases are
in equilibrium over the whole column. The solute lean treated gas is removed from the top of
the column, while the loaded or rich solvent, with an increased concentration of the solute
gas, is drawn off at the absorber. Gas absorption processes are exothermic, consequently
the temperature in the base of the absorber column may increase slightly from the top to the
base. The loaded rich solvent is then pumped to the top of the stripper through a heat
exchanger. The heat exchanger is used to preheat the solution to enhance the stripping
performance of the solute gas and reduce the reboiler heat duty. Only an increase in
temperature or decreasing of the pressure, does not give adequate solvent regeneration.
The stripping process is usually accomplished with steam that is generated in the stripper
reboiler and enters the column at the base. The steam vaporizes the solute gas from the
solvent. The solute gas rich vapour stream leaving the top of the stripper is passed through a
condenser where excess water is condensed out and a relatively pure captured solute gas
stream is obtained. The necessary heat for the vaporization of the water added in the
preheater and reboiler, is removed from the system in the condenser. The condensed water
can be feed back to the stripper. The regenerated absorption solvent drawn from the base of
the stripper, is pumped back via several heat exchangers, where it is cooled down to
enhance the absorption performance and enhance heat recovery to the absorption column.

2.2.3 Absorption and Stripping Diagrams

For the determination of the concentrations of the various liquid and gas phase components
and the liquid and vapour stream flows, the diagrams seen in Figure 15 and Figure 16 are
particularly useful [2]:
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Figure 15: Design diagrams for absorption.

In both diagrams Figure 15 for absorption and Figure 16 for stripping, the x — axis represents
the molar fraction of the solute in the liquid phase (x) and the y — axis the molar fraction of
the solute in the gas phase (y).

As mentioned earlier, the most important data set for the design of an absorber or stripper is
the equilibrium curve. For an ideal gas phase the concentration y can be calculated from the
partial pressure with Dalton’s Law refer Equation(17). In general absorption applications the
inlet composition of the liquid stream and the inlet composition of the gas stream are known.
The outlet solute concentration of the gas stream is the value which has to be achieved. In
many applications this level is set by environmental law and the inlet solute concentration of
the solvent is identical to the outlet solute concentration of the stripper. For ideal conditions
this concentration is zero. These two values yield the point (x, y2). The theoretical minimum
liquid — to — gas ratio (LyGu) is determined by connecting this point with the intersection of
the horizontal line y=y4, given by the inlet solute concentration of the gas stream and the
equilibrium curve. This line is called the operating line, the slope of this line corresponds to
the theoretical minimum liquid — to - gas ratio. The actual design value Ly/Gy for gas
absorption of should be around 1.2 — 1.5 times this minimum [2]. The actual liquid — to — gas
ratio the point (x4, y1) is shifted to the left along the line y=y;.
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Figure 16: Design diagrams for stripping.

During stripping the operating line is below the equilibrium curve. For the design of a stripper,
first the point (ys, x1) in Figure 16 with the outlet solute concentration of the solvent,
identically with x, from the absorption diagram according to Figure 15 and for ideally
conditions equal to zero, and the inlet concentration of the water vapour stream (ideally also
zero) has to be located. The theoretical minimum gas — to — liquid ratio (Gw/Lw) is defined as
the intersection of the vertical line x=x,, inlet solute concentration of the liquid which is
equivalent to the outlet concentration of the loaded solvent from the absorption process, with
the equilibrium curve. As for the absorber, the slope determines the theoretical minimum gas
— to — liquid ratio for stripping. Typically the values of gas absorption are about 20 to 50
percent higher then the Minimum [2], which shifts the actual operation point down along the
line x=xs.

In both diagrams the hatched area indicates the feasible region for the operation line. With
increasing of the liquid — to — gas ratio (or the gas — to — liquid ratio for stripping) the amount
of the theoretical stages decreases but the flow of the liquid (or stripping steam) increases.
The first theoretical endpoint is given by the minimum liquid — to — gas ratio (or the gas — to —
liquid ratio for stripping), where the flow stream gets to a Minimum, with an infinite number of
theoretical stages. The second endpoint shows only one theoretical stage but the flow rate of
the liquid (or stripping steam) gets infinitely high. Based on the operation and installation
costs the best ratio can be determined.

To calculate the height of the absorption or stripping column the mass transfer at the gas —
liquid interface has to be determined (See Section: 2.1.1.2). A quite common method is the
NTU — HTU concept, more accurate information can be obtained from [2], [5], [8].
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2.3 Alkali — Metals (Potassium Carbonate) as an Absorption
Medium

2.3.1 CO, Absorption with Potassium Carbonate

2311 Properties of the Aqueous Potassium Carbonate Solution

A key factor of the absorption efficiency of CO, of the aqueous potassium carbonate solution
is dependent on the potassium carbonate concentration in the solution. The effect of the
temperature and percentage conversion to bicarbonate on the solubility of the salts in the
system is shown of Figure 17. [4]
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Figure 17: Effect of temperature and percentage conversion to bicarbonate on solubility of
K>COj3 plus KHCO:s.

The lines indicate the conditions under which potassium bicarbonate begins to precipitate
out. For example the 60% carbonate solution can only be converted to approximately 25%
bicarbonate at a temperature of 110°C (230°F), after which bicarbonate starts to precipitate
out. Theoretically the K,CO3 of a 45% solution can be completely converted to KHCO; at a
temperature of 145°C (290°F). Under typical conditions a 40% K,CO; solution is the
maximum that can be practically used for most industrial processes. Even so practical 30%
Ko.CO; solution is a design value for most applications. It is essentially that the process
conditions are maintained such that complete solubility of the carbonate — bicarbonate
maintained.
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2.3.1.2 Hot Potassium Carbonate (Benfield) Process

The hot potassium carbonate process, also called the Benfield process, is the most common
and industrially proven process for the absorption of CO, using potassium carbonate as the
solvent. It is based on the difference in the solubility of CO, at the high partial pressure
conditions in the absorber and at low partial pressure conditions of the stripper. The process
was originally developed by the U.S. Bureau of Mines in 1954 to reduce the costs of
synthesis — gas purification for the production of liquid fuel from coal. The process was
designed to optimal utilise the synthesis — gas process stream conditions that is high
temperatures and high partial pressures. Due to the high temperature in the absorber, it is
not necessary to further heat the solution to the stripping temperature using steam generated
in the stripping process. This results in a lower process energy requirement and eliminates
the need for heat — exchange equipment between the absorber and the stripper columns.
Furthermore, the operation at such high temperatures increases the solubility of the
bicarbonate species, so the Benfield process can operate with highly concentrated solutions.

Over the last couple of decades many improvements and variations, such as amine
activators, LoHeat Benfield Process, have been made, however in this work only the basic
process will be described. A typical Benfield process flowsheet with split stream is shown in
Figure 18 [4]:

Figure 18: Flow diagram of hot potassium carbonate process with split stream.

The Benfield process basically operates like the standard gas absorption process described
in Section 2.2.2. The difference between the standard absorption process and the split —
stream process is that the majority of the lean solution is added hot at an intermediate stage
of the absorber, while the remainder is cooled and fed directly at the top of the stage. This
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slight modification improves the recovery of the solute gas by shifting the equilibrium point
with lower equilibrium partial pressure of CO, contacting with lean solution. To enhance the
COs, rich solvent stripping performance, the pressure is reduced after the absorption column
with some energy recovery possible using a hydraulic power recovery turbine. To enhance
the mass transfer packing is preferred over trays in the columns used for the Benfield
process.

2.3.2 SO, Absorption with Alkali — Metals

There are a couple of industrial processes in use which use alkali — metals such as sodium
(Na) or potassium (K) to absorb SO, from flue gases. Other than the double alkali process
which will be discussed in the following section, the Wellman — Lord Process is also an
example of the use of alkali — metals as an absorption medium, in this case potassium [4].

2.3.21 Double Alkali Process

The basic of the double alkali process is the direct contact of the gas with a solution of
soluble alkali metal, to absorb the SO,. The reacted SO, is subsequently precipitated as
insoluble calcium sulphite and the solvent regenerated. A basic flow sheet for the double
alkali process is shown in Figure 19 [4]:
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The sodium carbonate solution (Na,CO3;) absorbs SO, according to the overall reaction:
Na,CO,+ SO, - Na,SO,+ CO, (58)

The formed sodium sulphite (Na,SOs), the principle reactive component, can be further
converted to bisulphite (NaHSO3) by reacting with additional SO, according the reaction:

Na,SO,+ SO,+ H,0 — 2NaHSO, (59)

Once the solution is loaded, a sidestream is removed and treated with lime Ca(OH), or
limestone CaCOs;. In this step, the sulphur is precipitated out as insoluble calcium sulphite
and can be readily removed by settling in a thickener followed by filtration. The regenerated
solution is then pumped back to the scrubber and with Na,CO3 addition to compensate for
any sodium losses.

The precipitation of the dissolved sulphur with calcium is also a possible option for the
removal of sulphur from the potassium carbonate solution, following the absorption of SO,
and CO, from brown coal flue gas.
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3 Experimental Part

3.1 The Equilibrium Rig

All the equilibrium measurements were accomplished using the vapour — liquid equilibrium
rig shown in Figure 20 and Figure 21. This apparatus is based on the papers of Nasir [9] and
Isaacs [10], and was constructed by the University of Melbourne Chemical + Biomolecular
Engineering workshop staff.

3.1.1 Design and Schematic

Figure 20: Photo of the equilibrium rig.
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Figure 21: Schematic of the equilibrium rig.

3.1.2 Operation Mode

The experimental rig consists of two stainless steel vessels each with a volume of
approximately 300 ml connected in series. For enhanced thermal conductivity baffle plates
are provided in each vessel. The two vessels are placed in a thermostat oil bath, to maintain
a constant temperature during the experiments. Due to the fact that the experimental
temperatures were at 90°C and 100°C, water was not feasible as the heating medium and
hence oil was used. The temperature was set using an electrical heater with a sensitivity of
+0.1°C. However, it was assumed that during the experiments the temperature did not vary
by more then 0.5°C. For better thermal equilibrium a stirrer was used in conjunction with the
electrical heater.

At the start of the experiment, every vessel was filled with 200 ml of loaded potassium
carbonate solution. The potassium carbonate solution had either been loaded with CO, only
or first with SO, and subsequently with CO,. The carrier nitrogen gas was preheated in the
oil bath and then passed through each of the vessels. In each vessel a stainless steel filter
(grid) element is welded to the end of a dip tube to enhance the dispersion of the nitrogen
gas in the carbonate solution. During this experiment, the loaded potassium carbonate
solutions releases a certain amount of CO, into the gas phase, according to the vapour liquid
equilibrium, which is then carried with the inert nitrogen flow to either the second vessel or to
the outlet. A really low flow rate of the nitrogen, in the range of about 5 — 10 ml/min, is
required to achieve equilibrium. The flow rate can be controlled with a flow regulator between
0 and 20 ml/min, however the actual value of the flow rate is not too important for the results
of the experiments. The reason for such low flow rates, as mentioned earlier is to achieve
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equilibrium. At higher flow rates more CO, is desorbed and consequently the concentration in
the liquid phase continually changes with time and equilibrium is not achievable.

The gas stream outlet after the second vessel was passed through a condenser, to remove
the condensable water. The gas was sampled for analyses in the gas chromatograph (GC)
from a sampling point after the condenser. The gas stream leaves the system via a bubble
flow meter. The bubble flow meter was used to monitor the gas flow rate which could be
adjusted using the regulator at the gas inlet of the system.

The liquid sample, which was analysed by acid titration, was taken using a syringe via the
sampling port located on the second vessel.

For the analysis of the gas and liquid samples, the equilibrium position had to be attained.
This position was achieved when a couple of gas sample measurements over time showed a
constant composition of CO, and N,. Normally the equilibrium position was reached after 1
hour but for all the experiments the samples were taken after at least 2 hours of runtime. At
that point the actual gas and liquid samples were taken and analysed.

To calculate the CO, partial pressure and to construct the equilibrium curve, it was also
necessary to record the barometric pressure. The barometric pressure was measured using
a mercury — barometer. Due to the very low gas flow rate and hence the low pressure drop in
the system, it can be assumed that the barometric pressure is equal to the pressure in the
second vessel.

As the whole system operates at approximately atmospheric pressure, there is a high rate of
water loss from the potassium carbonate solution at temperatures above 100°C. Hence
above 100°C a stable equilibrium point can not be achieved because the solution
concentration in the vessels changes relatively quickly due to the vaporization of water. For
measurements over 100°C, it is necessary for the system to be pressurized, thereby
increasing the boiling point of water and creating stable conditions.

3.1.3 Loading of the Solutions

Each of the used potassium carbonate solutions for the equilibrium measurements were
prepared and preloaded in a separate vessel. If the solution was loaded only with carbon
dioxide, the CO, was bubbled at a gas flow rate of 100 ml/min through the solution. A glass
sparger was used to create smaller bubbles and hence increase the rate of CO, absorption.
For the higher solution loading the vessel was kept in a water bath at about 60°C to prevent
precipitation of the bicarbonate species.

For the subsequent experiments with CO, and SO, combined loaded solutions, the
potassium carbonate solution was first loaded with the SO.. In a fume cupboard the SO, was
bubbled through the solution at room temperature. During the SO, loading no sparger could
be used due to blockages resulting form the precipitation of bicarbonate. Continuous loading
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of the solution was not possible, even with a glass tube as with the sparger precipitated
bicarbonate was found to block the tube. To simplify loading of carbonate solutions, a bigger
volume was loaded with SO, until precipitation occurred at room temperature. Slight heating
of the solution, redissolved the bicarbonate and the concentrated loaded solution was
obtained. From this highly concentrated loaded solution, other solutions were prepared by
diluting it with fresh potassium carbonate to give the desired concentration of dissolved
sulphur. Three different sulphur concentrations were selected for the equilibrium curve
experiments, were a 1:8 dilution (1 part of the highly SO, loaded solution and 8 parts of the
fresh potassium carbonate solution), a 1:16 dilution and a 1:25 dilution.

For the equilibrium experiments at a certain sulphur concentration, these solutions were
subsequently loaded with different concentrations of CO,. For each sulphur concentration,
solutions with four different CO, loadings were prepared.

3.2 Analysis of Carbonate

3.2.1 Titration

All the liquid samples of the potassium carbonate solution were analysed for the carbonate
and bicarbonate species by acid - base titration. The titrations were performed using a
Metrohm — Titrando 809, the data were collected by a computer using the Metrohm tiamo
software package.

For the titrametic determination of the carbonate and bicarbonate species concentrations a
0.4 mol/liter sulphuric acid (H.SO,4) standard solution was used.

A 2 ml sample of the potassium carbonate solution was used for the solution analysis. A
smaller solution sample was found to increase the error of the analysis, while a larger volume
of K,COj; resulted in excessive acid consumption. This solution sample was then diluted with
20ml of deionised water.

During the titration H,SO,4 was continuously dosed into the stirred sample while the pH was
simultaneous measured and recorded as shown by the typical curve in Figure 22. From the
resulting titration curve and it's derivate the titration endpoints and hence the carbonate and
bicarbonate concentrations can be calculated.

3.211 Calculation of Carbonate and Bicarbonate Concentration

The addition of the acid causes the following 2 step reaction to occur in the system:

COo,” —*% ,HCOo, —**% CO, (60)
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Firstly all of the carbonate species is converted to bicarbonate, when this step is complete
the bicarbonate, both that initially present and that formed by the first step, is converted to
CO, which is released from the sample.

When all the carbonate is consumed and converted, the first endpoint (EP 1) is achieved as
shown in Figure 22. This results in a reversal point the pH curve (or a maximum in the
change of the pH). By further adding acid the bicarbonate is converted to CO, and when this
reaction was complete the second endpoint (EP 2) is reached. As a result another reversal
point with maximum in the change of the pH is observed on the titration curve.

The carbonate and bicarbonate concentrations are calculated from the respective endpoint
results using the following equations:
V, 2

er1 " Ch,so,
_— 61
v (61)

Sample

[co,” ]=

(VEPZ -2 VEP1 ) ’ Csto4 -2

[HCO, |= (62)
VSampIe
[CO4?] = concentration of carbonate [mol/l]
[HCO3] = concentration of carbonate [mol/l]
Vep1 = volume of H,SO,4 added until Endpoint 1 is reached [ml]
VEep2 = volume of H,SO, added until Endpoint 2 is reached [ml]
CH2504 = concentration of sulphuric acid (0.4 mol/l) [mol/l]
Vsample = volume of the potassium carbonate sample (2ml) [ml]
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3.21.2 Diagram of a K,CO; Titration
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Figure 22: Typical titration curve for a loaded K,COj3 solution.

3.2.2 Gas Chromatography

The analysis of the gas samples taken from the equilibrium rig was completed using a
Shimadzu Gas Chromatograph GC — 8A. A stainless steel Porapak Q column with a Mesh
Range of 120/100 was used to achieve the chromatographic separation of gas compounds.
The total length of this column was 8 feet, the outer diameter was 1/8” and the inner diameter
0.85".

After injecting the gas sample the automatic integrator for calculating the area of the peaks
was started. As the gas from the CO, loaded solutions contained only nitrogen from the
carrier gas and carbon dioxide from the carbonate solution. For the SO, and CO, loaded
solution experiment it was possible that there was some SO, in the sampled gas from the
loaded solution. However, with the column used it was not possible to separate and detect
the SO, gas, hence the only gas components detected were nitrogen and carbon dioxide.

Different GC temperature settings were tested and optimised for the gas stream
components. Settings with injection temperature of 190°C and 90°C column temperature
resulted in a chromatogram with relatively flat and wide peaks. At the higher temperatures of
240°C and 120°C for the injection and column temperature respectively the peaks on the
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chromatogram were sharper, higher and closer together. Typically if the peaks are sharper, it
is easier to identify the start and end of the peak and with that the error of the measurement
is reduced.

Other than temperature, the height of a peak is also dependant on the current setting of the
temperature controlled detector (TCD). A minimum current of 70mA was used, due to the
quite small peak areas at 190°C / 90°C temperature settings. For CO, concentrations this
resulted in a higher experimental error compared with a 100mA current setting. At 100mA the
TCD base line has more noise and hence it can be more difficult to determine the start and
end of each peak.

After the detection of the peaks was completed, the start and the end of each peak detected
by the area integration were adjusted manually to minimize the reading error. Automatic area
integration is also possible but in many cases the right peak limits are not taken. This occurs
especially when the background noise is high. In such instances the automatic integration
can give misleading and incorrect results.

Due to the shape of the resulting peaks, the best GC settings for the CO, equilibrium gas
samples were 240°C and 120°C for the injection and column temperature. The current
should either be 80mA or 100mA. Even though there is a high level of noise at 100mA, the
error it introduces is low as the peak uncertainty area at the start and end of each peak is
relatively low in comparison to the total peak area. Due to the fact that the GC was also
being used by other users in the laboratory, who used temperature settings of 190°C / 90°C,
some of the samples were analysed using these less optimal settings.
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Figure 23: Typical Gas Chromatogram with peaks for N, and CO, binary gas mixtures
identified.
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3.2.21 The Calibration Curve

To quantify the nitrogen and carbon dioxide in the gas stream, the resulted peaks were
converted into a volumetric or molar fraction of the calibration curve. Every different
temperature or current settings combination requires a complete calibration curve. For each
equilibrium test a new calibration curve was constructed or the accuracy of an existing curve
was verified. To construct the calibration curve, specific amounts of pure N, or CO, from ultra
high purity gas cylinders were injected into the gas chromatograph. The resulting peak area
and injected volume were used as one point of the calibration curve. For calibration at new
temperature or current settings at least three measurements were made for every injecting
volume. A typical calibration curve for gas chromatography temperature settings of 240 /
120°C and a current of 100mA is shown in Figure 24.
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Figure 24: Calibration Curve for CO;, and N, at GC settings of 240/120°C and 100mA.

With the area of the CO, and the N, peak obtained from the integration or software of the
GC, it is possible to convert this area into a volume according the calibration curve.

3.3 Analyses of Sulphur in Liquid Solutions

For the SO, and CO, loaded potassium carbonate solutions, the determination of sulphur or
sulphur species is essential to the investigation of the effect of SO, on the equilibrium partial
pressure of CO,.

However, due to the presence of potassium carbonate, the determination of the sulphur is
complicated. Normally the standard technique for the analysis of sulphur species is the
precipitation as the sulphate species using Barium [28]. This method does not work because
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of the interference with the carbonate ion. Another common method, is iodometric titration,
this also does not work because of the high pH of the carbonate solution. lodometric titration
requires a slightly acid pH, however the pH of the potassium carbonate solution is greater
then 12.

Two different analytical techniques were used to analyse the dissolved SO,. The total
amount of sulphur dissolved in the potassium carbonate solution was determined using ICP -
AES (Inductively Coupled Plasma - Atomic Emission Spectrometer). For a qualitatively and
semi - quantitatively analysis of the sulphur species formed FTIR (Fourier Transform Infrared
Spectroscopy) was used.

3.3.1 Analysis with FTIR (Fourier Transform Infrared Spectroscopy)

FTIR (Fourier Transform Infrared Spectroscopy) was used as a qualitative and semi -
quantitative determination for the formed species after the absorption of both SO, and CO,,.

3.3.1.1 Basics about Infrared (IR) and FTIR Spectroscopy

The principle behind infrared spectroscopy is that nearly all molecular species absorb
infrared radiation and each has an unique or characteristic infrared absorption spectra.
Unlike ICP - AES which is an elemental analysis based on individual atoms, FTIR is a
molecule-specific method. That yields information about functional groups and bonding
present within a molecule. The IR spectrum is obtained by measuring the intensity of the
absorption of monochromatic radiation across a range of wavelengths passed through a
sample. After passing through the sample, the monochromatic beam has a reduced intensity
as a result of absorption in the sample. The loss of intensity at a certain wavelength is
characteristic to each molecule.

Instead of a monochromator or dispersing elements to create the necessary beam, Fourier
transform instruments use a Michelson interferometer for coding the polychromatic spectrum
of the source. To separate the wavelengths, it is necessary to modulate the source signal
that it can be decoded using Fourier transformation. The advantage of the FTIR is the very
precise mechanism, the high sensitivity and resolution and the speed of the data acquisition.

3.3.1.2 Samples Preparation and Background

A VARIAN 7000 FT-IR Spectrometer was used for all the IR measurements. All the samples
were analysed as a liquid drop on the ATR cell. For higher loadings where precipitation
occurred at room temperature, the samples were reheated such that all the species were in
solution at the time of analysis. Different background spectra were tested, however, for the
qualitative and semi - quantitative analysis a pure K,COj; solution gave the best result. This
background was the spectrum of a pure, unloaded potassium carbonate solution that was
subtracted from the spectra obtained for the SO, and CO, loaded solutions. The resulting
spectrum shows directly the change in species due to the absorption of CO, and SO,. The
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observed peaks were then compared with spectra from literature and the likely species
present were identified.

For the quantitative analysis of sulphite (SOs%), a calibration curve for sulphite was made.
Standards were prepared by dissolving different amounts of sodium — sulphite (Na,SO;) in
potassium carbonate solution and then analysed by FTIR. The heights of the SOs* peaks
were directly proportional to the corresponding amount of dissolved sulphite result and hence
could be used as the calibration curve for quantitative analyses. This was used to quantify
the sulphite species present in the samples.

3.3.2 Analysis with ICP - AES (Inductively Coupled Plasma - Atomic
Emission Spectrometer)

Inductively coupled plasma spectroscopy (ICP) is an atomic spectroscopy method that uses
a plasma for the atomization of the sample.

3.3.21 Basic about Atomic Spectroscopy

“Atomization is a process in which a sample is converted into gaseous atoms or
elementary ions.” [20, p. 611]

Atomization of a sample causes the atoms to absorb energy, which in turn promotes the
single outer - shell electrons to rise from their ground state to an excited state orbital. After a
short time period, a microsecond or less, the atoms fall back to their original ground state by
releasing the absorbed energy as photons of visible or ultraviolet radiation. The wavelength
of the emitted radiation is characteristic to each detectable element, with the intensity of the
emitted radiation proportional to the concentration of the element. The most widely used
atomic spectroscopy technique is based upon flame atomization, where the atomization
takes place in a flame at temperatures of 1700 — 3200°C.

3.3.2.2 Basics about ICP - AES

As mentioned earlier, in an ICP the atomization takes place in a plasma.

“A plasma is a conducting gaseous mixture containing a significant concentration of
cations and electrons. “ [20, pp. 632]

The main advantages of ICP as the method for atomization are the high temperature and
energy available from the plasma and hence the detection limits can be really low, in the
range of parts per billion (ng/l) to parts per million (mg/l). The typical ICP plasma is very
intense, brilliant white and optical thin, which results in less interference with the emission
spectrum of the sample. For the emission analysis, argon plasma, with a temperature range
from 6000 — 8000K, is generally used. The residence time for the atoms in the plasma is
about 2ms. Compared with the flame atomic spectroscopy, the plasma temperature is about
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two to three times hotter than the hottest combustion flames. As a consequence, the
atomization of the sample is more complete, with the benefit of less chemical interference.
The analysis of the solution is achieved by the introduction of the samples into the plasma as
an aerosol.

3.3.2.3 Sample and Standard Preparation

Due to the detection limits of ICP and to reduced matrix background effects from the
potassium carbonate solution, the samples were diluted with deionised water. For the first
series of samples the sulphur concentrations were not known, hence different dilution factors
were tested to get knowledge of the concentrations of the sulphur absorbed by the potassium
carbonate solution. For the subsequent samples, the approximate concentration range of
sulphur for the three different loaded solutions was known. The dilution factor was chosen
such that the concentration of the sulphur was approximately 100ppm (mg/l).

Depending on the solution sulphur loadings, the dilution factors were 167x for the highest
concentration of absorbed SO,, 100x for the middle concentration and 67x for the lowest
concentration. For each sample one litre of the diluted solution was prepared. This required
the use of 6ml, 10ml or 15ml of loaded K,COj; solution/litre of the three different sulphur
concentrations. To increase the accuracy of the sulphur determination 5 samples with
different CO, loadings were analysed for each sulphur concentration.

Standard solutions were prepared with total sulphur concentrations of 50ppm, 100ppm and
200ppm from potassium sulphate (K,SO,4) which was dissolved in deionised water. For the
calibration curve these three standards and a blank were used with the emission intensity
measured at four different wavelengths characteristic to sulphur. The use of the multiple
wavelengths is recommended, as spectral interferences may occur if the characteristic
wavelength of one element coincides with that of another.

All ICP analysis of the standards and samples were performed on a Varian 720 - ES by a
trained operator.
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4 Results / Discussion

41 The CO, Equilibrium Curve

The CO, equilibrium curve over a potassium carbonate solution has been studied in detail by
Tosh et al.,, with the results published in the paper “Equilibrium study of the system
potassium carbonate, potassium bicarbonate, carbon dioxide and water” [12]. The paper
presents the equilibrium partial pressure of carbon dioxide and water vapour over a 20w%,
30w% and 40w% potassium carbonate solution, for the temperature range from 70 — 130°C.

To verify the operation and validity of the vapour — liquid equilibrium rig, shown in Figure 21,
measurements for a CO, loaded 30w% potassium carbonate solution were made and
compared with that reported in literature. From this comparison it was possible to determine
whether vapour — liquid equilibrium could be achieved and that subsequent measurements
for the SO, — CO, — K,CO3 system would yield meaningful results.

4.1.1 Calculation of the CO, Equilibrium Partial Pressure from the
Experimental Results

Vapour — liquid equilibrium measurements were taken at temperatures of 90°C and 100°C.
At each temperature four points were obtained by using solutions with differing CO, loadings
between 0.1 and 0.35. The CO, loading of the solution is equal to the degree of saturation as
defined in Section 2.1.2.1.1 and is calculated using Equation(63):

) [HCO, |
Yioading ™ 5. [Cosg_ ] +|:HCOS']

(63)

The solution CO, loading was measured before and after each equilibrium test. In all cases
the CO, loading of the solution was observed to decrease slightly, which was to be expected
as some of the CO, in the solution transfers to the gaseous phase. After reaching the
equilibrium point (runtime approximately 2 hours after thermal equilibrium), the gas and liquid
samples were taken. For the gas sample the GC injection volume was 250,.I, while a 2ml

liquid sample was analysed by titration. The result of the titration showed directly the
carbonate and bicarbonate concentrations, hence the CO, loading of the solution could be
calculated using Equation(63). For the liquid analysis three samples were taken from the
second vessel. However, due to the larger variation observed for gas analysis, at least five
samples were taken. In instance that the variation of the measured peak areas was deemed
too large, more samples were taken until a consistent reading was achieved.

According to the GC calibration curve, the obtained peak areas are proportional to the
volume fraction. For an ideal gas, which can be assumed for these experiments because the
pressure was atmospheric and the temperature of the cooled gas stream was approximately
room temperature, the volume fraction is equivalent to the molar fraction.
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Ar,
=———"1_.100 64
Y=y (64)

i Syringe

Vi = mole fraction of component i in gas phase [moli/molges]
Ar, = area of component i obtained from GC

ki = slope of the calibration curve for component i [1//.41]
Vsyringe = injected volume into the GC [1l]

Due to the fact that only nitrogen and carbon dioxide were present in the gas samples (the
water vapour can be neglected at this low temperature), the sum of the molar or volumetric
fraction has to be 1. As a result of the experimental uncertainty in the calibration curve and
variation in the injected volume of the gas samples, the calculated molar fractions were
normalized to 1. In most cases the deviation from 100% was less then 4 to 5%.

_ Y
i,norm I (65)
Y z Y,

Yinorm = normalized mole fraction of component i in gas phase [moli/molges]

From the obtained molar fraction of carbon dioxide in the gas phase, the equilibrium partial
pressure can be calculated using Dalton’s Law.

p*co2 = Yeo, “Prot (66)

The errors of the calculation and measurement were calculated with a 95% confidence
interval. The absolute and the relative error were calculated for the standard deviation of the
measured peak area [20].

1.96-o(Ar
fazﬁ.mo (67)
ki.\/Syringe
f
f=—2—-100 (68)
p CO,

o(Ar) = standard deviation of the measured area
fa = absolute error of the equilibrium partial pressure [kPa]
fr = relative error of the equilibrium partial pressure [%]

The calculated and measured partial pressures of CO, were those over the potassium
carbonate solution with a water vapour pressure at approximately 25°C (room temperature).
As shown in Figure 21, the gas samples were taken after the gas had been cooled to the
ambient temperature by the condenser. The reason for cooling was to drop out the majority
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of the water from the gas because the GC was not setup to analyse for water and hence
display it as a quantifiable peak. At 25°C the water vapour pressure is really low in
comparison to 90°C or 100°C. It was found that nearly no water was dropped out in the
condenser at experimental temperatures of 90°C and 100°C. Due to the low gas flow rate,
the gas already had been cooled down to ambient temperature in the pipe after the second
vessel and so the water condensed back into the vessel.

For a direct comparison of the obtained experimental results with those reported in the
literature, an ASPEN PLUS simulation for the CO, — K,CO3; system was used. The simulation
calculated both, the equilibrium partial pressure of carbon dioxide at 90 and 100°C with a
water vapour pressure of 25°C and the actual equilibrium partial pressure including the water
vapour pressure at 90 and 100°C. The difference between the simulation at a water vapour
pressure of 25°C and that for a dry nitrogen and carbon dioxide gas is relatively small due to
the low water vapour pressure at 25°C. The fact that the experimental results fit closely to the
simulation with a water vapour pressure at 25°C, validates the operating mode of the
experimental rig. To determine the actual equilibrium pressure over a 30w% potassium
carbonate solution at 90 and 100°C, with the inclusion of water vapour at these
temperatures, a correction factor was introduced. The correction factor was calculated from
the relationship between the simulated ASPEN PLUS results with water vapour at 25°C and
90 or 100°C.

p*Coz,HZO/T _ f(p*ASPEN,/T) (69)
p*COZ,HZOIZSC f(p*ASPEN,/ZSC)
P*cozH20T = equilibrium partial pressure of CO, at temperature T
(90 or 100°C) [kPa]
P*cozH2omsc = partial pressure of CO, with a water vapour pressure at

25°C (experimental result) [kPa]
equation of equilibrium curve at temperature T (90 or 100°C)
equation of equilibrium curve with a water vapour pressure at 25°C

f(p*asPENT)
f(p*asPeN/25C)

The correction factor was then calculated from a 3™ order polynomial fit that was made for
the equilibrium curves at each temperature. The correction factor is then calculated through
dividing the polynomial fits according to Equation(69). The factor is partially depended on the
CO. loading of the solution and hence was calculated for each experimental point. The
dependency on the loading was however relatively low as the correction factor was observed
to be nearly constant for each temperature. At 90°C the correction factor was approximately
0.5, while at 100°C the factor was around 0.3.

As observed in the calculation of the correction factor for the different CO, loadings, the
factor and the water vapour pressure did not change significantly with changes in the CO,
loading. Tosh et al. [12] also reported that the water vapour pressure over a 30w%
potassium carbonate solution was almost constant over a range of different CO, loadings.
This would suggest that the calculation of the equilibrium partial pressure from the obtained
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experimental data using this correction factor was valid. Furthermore, the fact that the
experimental data points fit closely with the ASPEN PLUS simulation including the water
vapour pressure at 25°C, implies that the experimental points would also agree with the
equilibrium curve incorporating the water vapour pressure at 90 and 100°C.

The correction factor was also used to calculate the equilibrium partial pressure for the SO, —
CO, — K,COj3 system at 90 and 100°C.

4.1.2 Equilibrium Curves for the System CO, — K,CO;

The equilibrium curve results for the CO, — K,CO; vapour - liquid experiments and
simulations, with a water vapour pressure at 25°C for both temperatures 90 and 100°C, are
presented in Figure 25. These curves were then transformed to the vapour - liquid
equilibrium curves over a 30w% potassium carbonate solution, as shown in Figure 26 and
Figure 27, by using the correction factor described earlier. A comparison to the data reported
in the literature by Tosh et al. [12] and Savage et al. [11] is given for each curve.

30.0 1 .
- - Simulation ASPEN PLUS 90°C - H20 25°C "
& Experiment 90°C H20 25°C S
250 N 'I
A Experiment 100°C H20 25°C )
- - Simulation ASPEN PLUS 100°C - H20 25°C A !

20.0 1

PARTIAL PRESSURE CO: [kPa]

15.0 -
R4

10.0 -

A .

.
5.0 - P

A .-
0.0 +——— . . . . .
0.10 0.15 0.20 0.25 0.30 0.35

SOLVENT LOADING ([HCO37/[K"])

Figure 25: Equilibrium curve of CO, over 30w% potassium carbonate solution at a water
vapour pressure of 25°C.
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Figure 26: Equilibrium curve of CO, over 30w% potassium carbonate solution at 90°C.
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Figure 27: Equilibrium curve of CO, over 30w% potassium carbonate solution at 100°C.
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The values of the obtained results from the vapour — liquid experiment with a water vapour
pressure at 25°C and the actual equilibrium pressure for 90°C and 100°C are summarized in
Table 3.

Table 3: Experimental equilibrium data points of CO, over 30w% potassium carbonate
solution at 90 and 100°C.

. Partial Pressure of CO, Equilibrium Pf?”’a’ .
Loading ) Z . | Pressure of CO , including
with water vapour at 25°C
the water vapour pressure
[kPa] [kPa]
90°C
0.17 2.60 1.36
0.24 4.77 2.44
0.28 6.92 3.51
0.34 12.23 6.16
0.43 22.95 11.50
100°C
0.13 3.79 1.16
0.19 8.29 2.54
0.28 21.83 6.58
0.32 28.21 8.45
0.39 41.20 12.21

As shown in Table 3, two measurements contain a CO, loading of approximately 0.4. At such
high CO, loadings, the experimental result did not fit with that reported in the literature or the
simulation result. The main reason for this could be that the VL equilibrium rig used only had
two vessels, however the design on which the rig was based had three vessels in series
[9],[10]. Hence it is possible that the VL equilibrium is not achieved at such high solution CO,
loadings. For this reason, theses points were excluded from the diagrams in Figure 26 and
Figure 27.

4.2 Solvent Concentration of Sulphur

As described earlier in Section 3.3.2, the concentration of absorbed SO, in the K,CO;
solution was determined by total sulphur analysis, which was performed by ICP.

For each of the three different sulphur concentrations, 5 samples with different CO, loadings
were analysed. However, for the 1/8 dilution and the 1/16 dilution one value was neglected,
as these results were considered erroneous.

The results from the ICP analysis were the concentrations of sulphur for the diluted samples.
The results were in ppm, which is equivalent to mg/l as the major component of the samples
was deionised water as a result of the dilution. As the deionised water did not contain any
sulphur, the measured amount of sulphur in the diluted solution, was equal to the amount of
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sulphur in the undiluted K,COj; solution samples. The sulphur concentrations in the undiluted
K.COj solution samples are given by Equation(70).

X .
__ “*Sulphur diluted
XSulphur - (70)

K,CO,

Xsulphur = concentration of sulphur in the loaded K,COj3 solution [g/I]
Xsulphurdiuted = concentration of sulphur in diluted solution (result from ICP) [mg/l]
Vkaco3 = volume of loaded K,COj; solution added for dilution [ml/I]

The results obtained from the ICP analysis and the calculated concentrations of sulphur in
CO; and SO, loaded solutions in gsuiphur/lk2cossolution @NA MOlsyiphur/lk2cossolution @re presented in
Table 4.

Table 4: Total sulphur concentration of the loaded K,CO3 solutions.

1/8 Dilution 1/16 Dilution 1/25 Dilution
Measured Concentration of diluted [mg/l] 115.2 114.2 116.2 103.7 100.5 103.0 98.9 96.8 96.9
samples from ICP 113.5 107.0 107.8 106.0
Average Concentration of diluted samples [mg/l] 114.7 103.5 101.3
from ICP
Dilution factor: 1167 1/100 1167
Volume of K,CO3 /| [min] 6.00 10.00 15.00
Average sulphur concentration of K,CO3
solution [9/1] 19.12 10.35 6.75
Average sulphur concentration of K,CO3
solution [mol/] 0.60 0.32 0.21

The samples with CO; loadings used for the ICP analysis, were taken at the completion of
the VL equilibrium test run, which means that the solution had been maintained at a
temperature within the range of 90 -100°C for at least several hours. Compared to the first
sample without absorbed CO,, which was not used for the VL experiment, the concentration
of the total sulphur remained constant. This would suggest that the absorption of the SO,
was a non — reversible reaction for this temperature range. As a consequence, the SO,
would most likely not be stripped out during solvent regeneration in the stripping column, as
will be discussed further in Section 4.5.1.

4.3 Sulphur Speciation

4.3.1 AQualitative Analysis of the Formed Species

An FTIR spectrum of a sample solution that was used for qualitative analysis of the formed
species after the absorption of SO, and CO,, is presented in Figure 28.
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Figure 28: FTIR spectrum of a CO, and SO, loaded solution.

As a K,CO3; background was used the formed species could be easily identified, with three
major peaks observed in the FTIR spectra as seen on Figure 28. At wave length between
850 and 1050 cm™ the sulphite (SOs%) peak is observed. The presence of sulphite agrees
with the SO, absorption reaction suggested earlier, Equation(54), with the wave length range
of the peak is comparable to the spectrum reported in the literature for sulphite [31].

The negative peak in the 1300 to 1500 cm™ wavelength range was that for carbonate
species (CO3?). The decrease of the carbonate concentration was due to the absorption of
CO, (Equation(44)) and the release and capture of CO, during the absorption of SO,
(Equation (54) and (55)). Both reactions convert carbonate (K,COs) to bicarbonate (HCO3)
due to the reaction with CO,. The formed bicarbonate species was observed on the FTIR
spectrum as a peak at wavelength between 1500 and 1700 cm™. It was possible that this
peak overlaps with that of bisulphite (HSO3") species, hence a qualitative separation was not
possible. Each of the three observed peaks fit the expected reactions for the absorption of
CO, and SO, and the spectra for these species reported in the literature [32].

Other sulphur species like sulphate (SO,*) and bisulphate (HSO,4), which could also be
expected to form from side reactions (Equation(57)), were not observed to form. According to
the literature, the peak for sulphate should be observed at wave length of approximately
1150 cm™ and for bisulphate at 1200 cm™ [32]. It was evident from the spectra obtained that
there clearly was no peak, which would imply that neither species was formed. This result
also agrees with the solubility of sulphate in a potassium carbonate solution which is
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discussed further in Section 4.5.2, which indicates that sulphate is virtually insoluble in
potassium carbonate solutions.

4.3.2 Determination of the Sulphite (SO;>) Concentration

Samples with different sulphur and CO, concentrations were analysed using FTIR. It would
be expected that the sulphite concentration and hence the height of the measured SO5*
peak would be independent of the CO, loading. However, as the FTIR analysis could not be
completed immediately after sampling, the solution samples were allowed to cool and were
kept for longer periods of time. The potassium carbonate solution was a colourless
transparent solution but some samples taken at the completion of the equilibrium
experiments were slightly turbid, due to contamination prior to analysis by FTIR. As the
experiments were performed in an oil bath, it was likely that during the opening of the vessel
and solution sampling, some oil contamination of the samples occurred. For the higher
sulphur concentrated solution (1/8 and 1/16 dilution), precipitation of sulphate was observed
after extended periods. The likely reason for this was that all the samples were stored in
sample containers which had a head space volume of air and hence oxygen for Reaction(57)
was present and enabled the formation of sulphate. This precipitation inherently effects the
concentration of the sulphite species.

As shown in Table 5, it was possible to obtain reasonable quantification of the sulphite
concentration for each of the three different sulphur loadings by FTIR analysis. The results
clearly imply that the absorbed SO, formed the sulphite species as the measured sulphite
concentration was observed to have an equivalent sulphur concentration to the total sulphur
concentration obtained by ICP analysis. This would indicate that the main reaction that
occurs during the absorption of SO, in the potassium carbonate solution, was the formation
of sulphite, Reaction(54). The formation of bisulphite was only a side reaction due to the
insignificant concentration of bisulphite observed.

Table 5: Sulphite (8032') concentration of the loaded K,CO; solutions.

Total Sulphur 19.12 g/I Total Sulphur 10.35 g/l Total Sulphur 6.75 g/l
Total sulphur c%wszr::)t/i:iz obtained from [molf] 0.60 0.32 0.21
Average sulphite (SO,%) concentration [mol/l] 0.60 0.32 0.19
Average sulphite (SO,%) concentration [g/1] 48.16 25.44 14.86
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4.4 The Effect of SO, on the Equilibrium Curve of CO,

The equilibrium curve for the partial pressure of CO, with three different sulphur
concentrations in the K,CO; solution was studied. For each concentration at least four
vapour — liquid equilibrium points at the temperatures of 90 and 100°C were measured. The
experimental methods and the sample analysis were essentially the same as described in
Section 4.1.1, however some slight modifications as described as followed were used to
allow direct comparison with the results of the base CO, — K,COj; system.

The fact that during the absorption of SO,, as described by Equation(54), CO. is released by
the carbonate and then reabsorbed to form bicarbonate, results in a pre-loading of CO, in the
solution. This affects the value of the solvent loading, which is the value of the x-axes of the
equilibrium curve. The solution CO, loading can either be expressed as the total loading
including the pre-loading due to the SO, and the actual absorbed CO,, or only the actual
loading of the absorbed CO,. The actual loading of absorbed CO; (Yioading,coz2) Was the
difference of the total loading (Yicadingota1) at the completion of the equilibrium test and the
pre-loading resulting from the SO, loaded solution (Yicading,s02)-

y loading,CO, = y loading total — y loading,SO, (71 )

For the study of the absorption efficiency and the influence of SO, on the CO, equilibrium
partial pressure, the actual CO, loading of the solvent was of greater significance. This
loading value shows directly the effect of SO, on the CO, equilibrium that is, it demonstrates
the free capacity for the absorption of CO..

The molar fractions y; for nitrogen and carbon dioxide calculated from the GC analysis were
not normalized as was done for the CO, — K,COj3 system. This was due to the fact that it
could not be excluded that there may have been some other species present in the gas
stream that was not detected by the GC. The fractions were normalised only when the total
molar fraction was more then 1.

To include the partial pressure of water, the same correction was made as for the CO, —
K,CO; system, discussed earlier. It was assumed that the partial pressure of water over the
potassium solution was the same for both systems and was only depending on the
temperature.

4.41 Equilibrium Curves for the System SO, - CO, - K,CO;

Both Figure 29 and Figure 30 show the effect of absorbed SO, on the equilibrium partial
pressure curve of CO,. As shown the experimental data points were fitted with a best fit trend
line of the form y=a*x".
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Figure 29: Equilibrium curve of CO, over 30w% potassium carbonate solution at 90°C for
different sulphur concentrations.
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Figure 30: Equilibrium curve of CO, over 30w% potassium carbonate solution at 100°C for
different sulphur concentrations.
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It was evident that the absorption of sulphur dioxide by the potassium carbonate solutions
resulted in a shift of the CO, equilibrium curve to the left. With increasing sulphur
concentration, the curve was observed to shift more to the left. This would imply that the
ability of the potassium carbonate solution to absorb CO, from the gas stream decreases
with an increase in the absorbed SO,. This result would be reasonable and can be explained
by using Equation (54) and Equation(55). During the absorption of SO, and the formation of
potassium sulphite, carbon dioxide is formed and released. The released CO; is then directly
absorbed by the fresh carbonate solution to form bicarbonate which would be equivalent to a
pre-loading with additional CO,. Furthermore, it means that the potassium carbonate solution
would have effectively a lower capacity to absorb CO, from the gas stream. In effect, it
results in a higher observed equilibrium partial pressure for a certain loading or conversely in
a lower loading for a certain partial pressure.

Summarized in Table 6 and Table 7 are the vapour — liquid equilibrium results obtained from
the experiments with a water vapour pressure at 25°C and the actual equilibrium partial
pressure of CO, for 90°C and 100°C calculated over the correction factor. Also given on
each table are the values of the total SO, and CO, loading, the actual CO, loading and the
loading for the transpose points presented in Figure 31 and Figure 32.

Table 6: Experimental results of the SO, and CO, equilibrium curve at 90°C.

Experimental Results of the SO, and CO, equilibrium curve at 90°C
Loading Partial pressure of CO, Equilibrium partial pressure of CO,
ol SO, with water vapour at 25°C including the water vapour pressure
Only CO, Shifted

and CO, [kPal] [kPa]
Sulphur concentration 19.1 g/l

0.32 0.12 0.23 4.24 2.26

0.35 0.16 0.26 5.30 2.79

0.40 0.20 0.31 9.99 5.17

0.47 0.27 0.38 17.46 8.87
Sulphur concentration 10.35 g/l

0.30 0.20 0.26 5.80 3.00

0.34 0.24 0.30 8.58 4.38

0.38 0.28 0.34 13.26 6.72

0.48 0.39 0.45 25.69 12.90
Sulphur concentration 6.75 g/l

0.20 0.14 0.17 2.36 1.25

0.28 0.22 0.25 4.67 2.40

0.30 0.25 0.27 7.05 3.60

0.35 0.30 0.32 11.03 5.58
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Table 7: Experimental results of the SO, and CO, equilibrium curve at 100°C.

Experimental Results of the SO, and CO, equilibrium curve at 100°C
Loading Partial pressure of CO, Equilibrium partial pressure of CO,
ol SO, with water vapour at 25°C including the water vapour pressure
Only CO, Shifted
and CO, [kPa] [kPa]
Sulphur concentration 19.1 g/l
0.31 0.11 0.24 13.01 3.93
0.35 0.15 0.27 14.88 4.57
0.39 0.19 0.31 28.33 8.69
0.44 0.24 0.37 42.95 13.06
Sulphur concentration 10.35 g/l
0.29 0.19 0.25 15.03 4.61
0.35 0.25 0.31 24.56 7.46
0.37 0.27 0.33 30.07 9.09
0.43 0.34 0.39 47.82 14.29
Sulphur concentration 6.75 g/l
0.20 0.14 0.18 6.48 1.99
0.28 0.23 0.27 17.11 5.22
0.30 0.24 0.28 19.55 5.94
0.34 0.29 0.33 30.13 9.07

Both Figure 31 and Figure 32 demonstrate that the absorption of SO, transposes the
equilibrium curve of CO; to the left, without altering the curve profile. To achieve this, the
experimental points where shifted to the right, until they superimposed the equilibrium curve
for the CO, — K,COj3; system that is the solution with no absorbed SO,. The equation or the
type of the fit was not altered. In all cases, the points match closely the simulated CO,
equilibrium curve from ASPEN PLUS and those obtained experimentally for the CO, — K,CO;
system. Despite the fact that for each sulphur concentration only 4 experimental points were
obtained, the curve fit of each equilibrium curve overlaid the simulation with minimum
discrepancy. This implies as mentioned earlier that the form of the equilibrium curve is
independent of the absorbed SO, concentration.

The result at 90°C with a sulphur concentration of 10.35 g/l and a CO, loading of 0.39 was
excluded from the curve fit, for the reasons discussed in Section 4.1 that is at higher CO,
loadings the equilibrium rig fails to achieve vapour — liquid equilibrium. The first point at 90°C
and a sulphur concentration of 6.75 g/l was also excluded, due to the fact that the CO,
loading was observed to be really low and hence the measured peak areas for the GC gas
analysis were really small and consequently the error was significant.
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Figure 31: Shifted equilibrium curves of the different sulphur concentrations at 90°C.
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Figure 32: Shifted equilibrium curves of the different sulphur concentrations at 100°C.
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44.2 The Effect of Solvent Sulphur Concentration on the CO,
Equilibrium Partial Pressure

Using the curve fitted equilibrium curves obtained from the experimental data points for the
three different solution sulphur concentrations, it was possible to demonstrate the
relationship between the dissolved SO, and the equilibrium partial pressure of CO,. As
described earlier, the equilibrium partial pressure increased with an increase in the absorbed
SO,. Figure 33 and Figure 34 show that the increase in equilibrium partial pressure,
depended on the solvent sulphur concentration. For selected CO, loadings (Yioading = 0.15 —
0.35), the equilibrium partial pressure of CO, for each of the three sulphur concentrations
was calculated using the curve fit equation. These diagrams only represent qualitative a
trend as the trend lines were based only on three different sulphur concentrations, hence the
uncertainty or error could be significant. For a more accurate and reliable result, more
measurements at different sulphur concentrations and more CO, loadings for each
concentration should be completed.
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Figure 33: Effect of solvent sulphur concentration on the CO, equilibrium partial pressure at
90°C.
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Figure 34: Effect of solvent sulphur concentration on the CO, equilibrium partial pressure at
100°C.

4.5 Properties, Effects and Solutions for the Absorbed SO,

Both the solubility and volatility provide relevant information of how the SO, can be treated
following absorption. If the absorption reaction of sulphur dioxide is non - reversible at typical
stripping conditions, it would imply that an accumulation of sulphur in the solution and
consequently a decrease in the efficiency of CO, absorption will be observed. If however, the
dissolved sulphur can be stripped from the solution, additional treatment following the
stripper of the CO, — SO, stream will be necessary prior to compression of the CO, stream.

4.5.1 Volatility of Absorbed SO,

As mentioned earlier, it was not possible during the equilibrium experiment to determine
whether the absorbed sulphur was re-released into the gas phase, due to the limitations of
the GC column which was not able to detect SO,.

A series of other test were completed to determine whether Reaction(54) is reversible and
hence SO, would be stripped from the solution. For this, a highly SO, loaded solution,
prepared by a 1:1 dilution of SO, saturated solution, was heated to 100°C and the evolved
gas stream was analysed using SO, specific Draeger—tubes. Draeger-tubes are glass vials
filled with a chemical reagent that reacts with a specific gas. Using a Draeger pump, a
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volume of the sample gas is drawn through the tube. If the analyte gas is present, the
reagent in the tube changes colour and the length of the colour change gives a semi —
quantitative measure of the gas concentration. The Draeger—tubes used in these
experiments were for the detection of sulphur dioxide over a concentration range from 0.5 —
25ppm. It would be expected that the use of the high concentration SO, loaded solution,
instead of a diluted solution, would result in a higher SO, concentration in the evolved gas
phase and so enable better detection accuracy. That is, if the SO, could not be detected for
the high concentration solution, it would not be detected for the lower concentration solution
systems.

For the volatility tests, the equilibrium rig was set up as described in Section 3.1, however
only one vessel was used. Several different measurement methods were attempted. Direct
measurements of the gas stream with the Draeger-tube was found to be inaccurate, as the
gas flow rate was too low in comparison to the volume required for the analysis. Another
method was to collect the gas in a glass bottle and take samples of the collected gas after a
couple of hours. The final and most accurate method was the collection of the gas in a gas
tight plastic bag. After a couple of hours, samples of the collected gas were taken. With this
method it was guaranteed that only the gas released from the equilibrium was analysed. The
results of each of the different tests were negative, which would imply that no SO, was
desorbed from the SO, loaded solution. The Draeger — tubes only tested for SO,, however, if
other sulphur species were formed and desorbed from the solution into the gas phase they
would not have been detected.

It would be concluded from these experiments that the absorption of SO, is a non —
reversible reaction at the typical stripping operating conditions of 100°C and hence that the
dissolved sulphur remains in solution. Consequently, sulphur species would accumulate in
the solution during the flue gas absorption / stripping process, which inherently would have
an effect on the CO, absorption performance. It is believed that possible solution to limit the
sulphur concentration, would be the precipitation of sulphur.

4.5.2 Solubility of Substances in Solution

The solubility of the different possible sulphur species in the K,COj; solution is important to
investigate potential methods how the sulphur can be removed from the solution.

To determine the least soluble species in the SO,-CO,-K,CO3 system, the K,COj3 solution
was loaded with SO, until precipitation was observed at room temperature. The solid formed
was then analysed and observed to be potassium bicarbonate (KHCOj3). A comparison with
literature data [25], [27] would support the experimental results. Due to the fact that in the
system no sulphate was present, as shown by the FTIR results presented in Section 4.3, it
can be seen from Table 8 that bicarbonate is the least soluble of the species present in the
system. These solubilities are valid for the species dissolved in water, a similar trend would
be expected in the carbonate solution.
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Table 8: Solubility of dissolved species in water.

K,CO; KHCO; K,SO; KHSO, K,SO,
20°C 52.3 24.92 51.49 32.7 10
70°C 57.2 40.45 52.32 46.1 16.55

Solubilities expressed in mass percent of solute

Compared to the other compounds in Table 8, potassium sulphate is least soluble. At a
temperature of 25°C the solubility of K,;SO, is reported to be only 1.5w% in a 23.2w%
potassium carbonate solution and only 0.3w% in a 35w% K,COj3; solution [26]. No data is
available in the literature for higher temperatures, but it can be assumed that the solubility
would still be very low.

It could be concluded from this that it would be possible to precipitate the dissolved sulphur
as potassium sulphate. Potassium sulphate can be formed by oxidising the potassium
sulphite according Reaction(57). As a result of the lower solubility, the effect of the remaining
dissolved sulphur on the equilibrium partial pressure of the CO, would be negligible low and
the CO, absorption performance would not be affected adversely.

4.5.3 Approximate Concentrations of Dissolved SO,

The following basic calculations give an approximately indication of the concentration of
dissolved sulphur that could be expected in potassium carbonate solution based on practical
values. For a typical CO, absorption packed column, the liquid — to — gas ratio (Ly/Gu) would
be between 5 and 10. For an inlet flue gas SO, concentration of about 2000ppm and an
outlet concentration of about 200ppm, which are typical values for coal fired power plants,
the concentration of the dissolved sulphur in the potassium carbonate solution can be
calculated as follows.

A sulphur mass balance over the absorption column is:

GM ’ (ySOZin -y SO,0ut ) =L M '(XSulphur out ~ xSquhur in ) (72)

With the assumption that the inlet sulphur concentration of the solution is zero, the only
unknown term is the outlet sulphur concentration of the solution after SO, absorption.

I
—0.00018 —0.00036 - sustur_ (73)

mol

X Sulphur out

Solution

For a 30w% potassium carbonate solution with a concentration of 3.12 mol/l and a molecular
weight of 32 g/mol for sulphur, the actual concentration of dissolved sulphur in the potassium
carbonate solution is:
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— 1 79 _ 36 mgSulphur,solution (74)

K,COjy solution

X Sulphur out

This implies that even after the absorption process of SO, and CO, into a fresh potassium
carbonate solution the concentration of sulphur is relatively small, in comparison to the
concentration of the absorbed CO.. For all experiments, discussed in Section 4.4, where a
shift and with that a decrease of the CO, absorption performance was recorded, the
concentration of sulphur was significantly higher. Despite a possible accumulation of sulphur
in the solvent, the sulphur could be precipitated out as sulphate before any noticeable effect
on the CO, absorption efficiency would occur.
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5 Summary

Today, few dispute that the combustion of fossil fuels is one of the major causes of global
warming and the greenhouse effect. By increasing the concentration of greenhouse effect
contributing gases, in particular CO,, more of infrared radiation and with that energy is
absorbed and retained by the biosphere leading to an unavoidable increase in temperature
of the lower atmosphere. It is reported that the earth has warmed by 0.7°C since 1900 [14]
and with burning of more fossil fuels the warming will increase significantly. Even if increased
energy efficiency, renewable energy sources and coal to gas substitution were to be widely
implemented and utilised, it is unlikely that the ambitious goal of a stable CO, concentration
in the area of 500 — 600ppm could be achieved. Today, carbon capture and storage (CCS) is
the believed by some to be the only feasible solution for a significant and immediate
reduction in carbon dioxide emissions.

“CCS involves the use of technology, first to collect and concentrate the CO,,
transport it to a suitable storage location, and then store it away from the atmosphere
for a long period of time. CCS would thus allow fossil fuels to be used with low
emissions of greenhouse gases.” [13, pp. 19]

The three main approaches for capturing the CO, generated from primary fossil fuels during
power generation are post-combustion, pre-combustion and Oxyfuel combustion. Post-
combustion is the only solution for the capture of CO, from existing power plants without the
need of enormous modifications. Many different solvents and solutions for the absorption of
CO, have been tested over the last few decades, most being either amine or carbonate
based. The capture of CO, with monoethanolamine (MEA) is only feasible from flue gases
with low SO, concentrations because the SO, reacts with MEA leading to excessive solvent
degradation. As an inorganic salt, potassium carbonate is resistant to irreversible chemical
degradation by SO, and has the ability to be used for the capture of SO,. Various nitrogen
oxide compounds (NOy) are another significant pollutant present in flue gases. It is believed
that the capture of these compounds could also be possible using potassium carbonate
based solutions.

To reduce the capital and operating costs of post-combustion flue gas treatment significantly,
it is thought possible instead of using a multi-stage process flue gas treatment, with different
units for the removal of SO,, NO, and CO,, that the SO,, NO, and CO, are simultaneously
absorbed in one process unit. To achieve this, a solvent or solution that readily absorbs each
needs to be utilised. Potassium carbonate based solutions are believed to be appropriate for
absorption of these components in such a simultaneous manner.

Based on the overall goal to ascertain the feasibility of the industrial application of a one step
simultaneous absorption of SO,, NO, and CO,, the individual aims of this work were
determined. The main aim of this work was to investigate the effect of SO, on the CO,
equilibrium curve and absorption efficiency of carbon dioxide using 30w% unpromoted
potassium carbonate solution. As a consequence of the absorption of SO, by the potassium
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carbonate solution, the CO,-K,CO3; system vapour-liquid equilibrium (VLE) curve will change.
Depending on the observed change the absorption of SO, can have an effect on both the
absorption performance and efficiency of the CO, capture unit. It is essential to know how the
CO. equilibrium curve is altered by the absorption of SO, and how this will impact
performance and efficiency. A quantitative relationship between the absorbed SO, and the
resulting change in the equilibrium CO, partial pressure is a direct measure of this impact.

The identification of the SO, absorption reaction species and hence underlying reactions was
another aspect of this work. These formed sulphur species were quantitatively analysed.
Furthermore, investigation of the volatility and the solubility of these sulphur species in the
carbonate solution give an indication of possible mechanisms by which the absorbed SO,
and resulting sulphur levels can be regulated and purged from the solution.

In this study all the vapour-liquid equilibrium measurements were accomplished using a
custom vapour — liquid equilibrium rig. The samples of the potassium carbonate solution
were analysed for the carbonate and bicarbonate species using standard acid - base titration
techniques. Analysis of the gas sampled from the equilibrium rig was performed on a Gas
Chromatograph. Two different analytical techniques were used to analyse the dissolved SO,.
and resulting species. The total amount of dissolved sulphur in the potassium carbonate
solution was measured by ICP - AES (Inductively Coupled Plasma - Atomic Emission
Spectrometer). For a qualitative and semi-quantitative analysis of the sulphur species formed
in the potassium carbonate solution, FTIR (Fourier Transform Infrared Spectroscopy) was
used.

To verify the operation and validity of the vapour — liquid equilibrium rig, measurements for a
CO, loaded 30w% potassium carbonate solution were made and compared to that reported
in literature and predicted by the ASPEN PLUS simulation package. The overall reaction for
the chemical absorption of CO, in potassium carbonate solutions can be described using the
following equation,

K,CO,+ CO,+ H,0 — 2KHCO,

Due to the fact that the experimental results fit closely to that reported in the literature and
the VLE simulations performed using ASPEN PLUS, it was concluded that the operating
mode of the equilibrium rig was valid for the measurement of VLE at the desired operating
conditions.

For study of the system SO, — CO, — K,CO; it was essential to first determine the sulphur
species formed as a result of the absorption of SO,. The results of a qualitative and semi-
quantitative FTIR analysis clearly imply that the absorbed SO, formed the sulphite species
(SO4%). This was deduced from the fact that the measured sulphite concentration has an
equivalent sulphur concentration to the total sulphur concentration as measured by ICP. This
would also suggest that the main reaction that occurs during the absorption of SO, by the
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potassium carbonate solution results in was the formation of sulphite and can be described
by the following equation,

K,CO,+ SO, -K,S0O,+ CO,

The formation of bisulphite (HSO3") as suggested in some literature was observed to be a
minor side reaction as implied by the insignificant concentration of bisulphite measured.
Other sulphur species like sulphate (SO,*) and bisulphate (HSO,) which could also be
present as a result of subsequent side reactions were not observed in the analysis of the
solution samples.

To investigate the effect of SO, on the equilibrium partial pressure of CO, over a 30w%
K.COj; solution, experiments with three different total sulphur concentrations were made. It
was evident from the experimental results that the absorption of sulphur dioxide by the
potassium carbonate solutions resulted in a shift to the left of the CO, vapour-liquid
equilibrium curve. With increasing solution sulphur concentration, the curve was observed to
shift further to the left with no alteration of the curve profile. This would imply that the form of
the equilibrium curve is independent of the absorbed SO, concentration. The main
conclusion that can be drawn from these results is that the ability of the potassium carbonate
solution to absorb CO, from the gas stream decreases with increased levels of absorbed
SO,. Furthermore, during the absorption of SO, and the subsequent formation of potassium
sulphite, carbon dioxide is evolved and released. The released CO, may then be directly re-
absorbed by the carbonate solution to form bicarbonate. This would be equivalent to pre-
loading of the carbonate solution with additional CO,. As a direct consequence, the
potassium carbonate solution would have a lower effective capacity to absorb CO, from the
flue gas stream. In effect, it results in a higher observed equilibrium partial pressure at a
particular loading or conversely a lower loading for at a particular partial pressure.

Both the solubility and volatility of the various sulphur species that could form provide
relevant information of how the SO, could be treated following absorption by the potassium
carbonate solution. To determine whether any SO, could be stripped from a SO, loaded
carbonate solution, various tests were conducted using SO, specific Draeger Tubes and
highly SO, loaded carbonate solutions. For each of these experiments no SO, was detected
by the Draeger Tubes, which would imply that no SO, was desorbed from the solution. It was
concluded from these experiments that the absorption of SO, was non-reversible at the
typical solution stripping temperature and pressure conditions of 100°C and 101.3kPa.
Hence, it would be expected that the dissolved sulphur remains in solution. As a
consequence sulphur species would accumulate in the solution during the flue gas
absorption / stripping process to a level that would inherently affect the CO, absorption
performance.

As mentioned earlier, the solubility of different possible sulphur species in the K,CO; solution
is important to the investigation of potential methods by which the sulphur concentration in
the potassium carbonate solution can be controlled. The least soluble species in the SO,-
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CO2-K,CO;3; system was reported in the literature and observed to be potassium sulphate
(K2SQ,). If oxygen or any other oxidant added to the solution, any sulphite can be partially
reacted to form sulphate according to the following reaction equation,

K,SO, + %oz —K,SO,

As potassium sulphate has a very low solubility in the carbonate system, it is possible to
precipitate out some of the dissolved sulphur. A reduction of the solution sulphur
concentration by precipitation inherently reduces the adverse effect on the equilibrium partial
pressure of the CO, and hence reduced CO, absorption performance that would otherwise
be observed.
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