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ABSTRACT

This work aimed atdevelopment of carbon oxides sequestration from Yamaha EF1000 generator
using post - combustion capture technique. The state of the art is the use of monoethanolamine as
sorbent for carbon sequestration. The present study postulated reaction mechanism of sawdust
ash leachate with CO, from flue gas and examined the use of the leachate as sorbent for capture
of CO, and CO from Yamaha EF1000 generator as the source of flue gas. A prototype absorber
was designed and fabricated to specifications of 8.2cm column diameter, overall column height
of 11.4cm, column pressure drop of 1531.32N/m? and volumetric hold-up of 0.32cm?® absorber
liquid/cm?® column. The Kipps apparatus were appropriately connected to the source of the flue
gas in countercurrent movement of the flue gas with the sorbent. Modelling and optimization of
the process were carried out using design expert version 10 with concentration of absorber
liquids, process time and absorber liquid flow rate as the process variables. Quadratic models
were obtained as the best models for the capture for each of the sorbents with CO, and CO of the
exit flue gas as response. For the ash leachate, the CO, and CO composition of exit flue gas
values of 3.557% and 16.768% as optima respectively, at sequestrant concentration of
21.795g/L, sequestration time of 9.997mins and sequestrant flow rate of 200.278cm*/min
respectively were achieved. Optimum CO, and CO composition of exit flue gas values of
4.139% and 18.959% respectively, and at the respective factors of 20.044g/L, 5.666mins and
223.848cm®min for sequestrant concentration, sequestration time and sequestrant flow rates
respectively for monoethanolamine, were also obtained. From the results, the quadratic models
best described the carbon sequestration process for both the leachate and the conventional
monoethanolamine. CO, and CO capture achieved with the leachate was about 8% more than
that achieved with the conventional monoethanolamine. The postulated mechanisms of the
leachate appropriately described the behavior of the leachate with CO, from flue gas of Yamaha
EF 1000 based on kinetics of the reaction obtained which agreed with the experimentally
determined rate law. Capturing of CO with either monoethanolamine or sawdust ash leachate
could not be seen published. This work has established that sawdust ash leachate can effectively
be used as sorbent in place of the conventional monoethanolamine for Post — Combustion
capture of CO, and CO.
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CHAPTER ONE

INTRODUCTION

1.1 Background of the Study

One of the main global challenges in the years to come is to reduce the CO, emissions inview of
the apparent contribution to global warming. Carbon dioxide capture and storage (CCS) from
fossil fuel fired power plants is drawing increased interest as an intermediate solution towards
sustainable energy systems in the long term. However, CCS is still facing some challenges, such
as large scale implementation requires high energy demands and leads to high cost. Innovation
and optimization of the capture process is needed to reduce the energy requirement and to

minimize the investment cost in order to make CCS viable for application in the near future.

The CO, post-combustion capture based on the absorption/desorption process with
monoethanolamine (MEA) solutions, is considered as the state-of-art technology. The MEA
process has been defined as the reference case for the purposes of comparison and benchmarking
(Davidson, 2007).

There is no question that carbon monoxide is a pollutant with potential to harm all living things.
But does CO also affect Earth’s climate. Unlike carbon dioxide, a compound that contains the
same atoms as carbon monoxide, carbon monoxide is not known as a direct contributor to
climate change (Metz et al., 2005). It does, however, play a role in this area and such roles will

be investigated with the results of the sequestration.

Global warming is the increase in the average temperature of the earth. This effect is caused by
anthropogenic greenhouse gases released to the atmosphere. The control of these greenhouse
gases is arguably the most challenging environmental policy issue facing most countries. An
approach that is gaining widespread interest is to control CO, emissions by capturing and
sequestering CO, from fossil fuels to continue to be used without contributing significantly to
greenhouse warming. There are ten primary greenhouse gases including water vapour (H,0),
Carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,O) that are naturally occurring.
Hydrofluorocarbon and Sulphurhexaflouride (SFg) are only present in the atmosphere due to
industrial processes. Water vapour is the most abundant and dominant greenhouse gas, and CO;
is the second — most significant one (Mohammad et al., 2014). This has been source of attention
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for researcher for the past 30 years due to increasing global temperatures. Concentration of water
vapour depends on temperature and other meteorological conditions, and not directly upon

human activities.

COgzaccounts for 77% of the human contribution to the greenhouse effects in recent decades (26
to 30 percent of CO, emission). Main anthropogenic emissions of CO, come from the
combustion of fossil fuel. CO, concentration in flue gases depends on the fuel such as coal (12 —
15 mol-% CO) and natural gas (3 — 4mol-% CQO,). In petroleum and other industrial plants, CO,
concentration in exhaust stream, depends on the process such as oil refining (8 — 9mol% CO,)
and production of cement (14 — 33 mol% CO,) and iron and steel (20 — 44 mol %).

From 2004 to 2011, global CO, emissions from energy uses were increased to 26% (Chiao et al.,
2011; Zhao et al., 2008) as reported by Mohammad et al., 2014. While thoseof power plant (55%
of global CO, emissions) transportation (33%), and industry (19%) have highest share in the CO,
emission in USA. Cement and petro chemical plants are two major industries contributing about
5% to global anthropogenic CO; emission. Also, petrochemical industries have a large share of
CO; emissions (Mohammad et al., 2014).

The atmospheric concentration of greenhouse gases (e.g. carbon dioxide, methane,nitrous oxide
and chlorofluorocarbons) has increased gradually in the last century. The Intergovernmental
Panel on Climate Changes (IPCC) has evaluated the size and impact of this increase. One of the
conclusions is that the reasons behind the increased concentration of the greenhouse gases in the
atmosphere are the human activities (Abu-Zahra et al., 2007a). As a result, the global
atmospheric concentration of CO, increased from a pre-industrial value of about 280 parts per
million by volume (ppmv) to 384 ppmv in 2007 (Abu-Zahra et al., 2007a). Moreover, the green
houses gases concentration is expected to increase to about 600 ppmv by 2050 if no mitigation
and emissions reduction options are applied 2007 (Abu-Zahra et al., 2009b). The emissions of
the different greenhouse gases have been monitored and measured all around the globe. It is
evident that carbon dioxide is the most important anthropogenic green house gas. Its annual
emissions have grown between 1970 and 2004 by about 80%, from 21 to 38 gigatonnes, and
represented 77% of total GHGs emissions in 2004&2007 (Abu-Zahra et al., 2009Db).

There is a growing consensus that temperature increase due to climate change should be limited

to around 2-3 degree celsius. There are many scenarios presented and discussed to evaluate the
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required level of CO, emissions reduction to achieve this target (Abu-Zahra et al., 2007a; Abu-
Zahra et al., 2009b). Thelnternational Energy Agency (IEA) has considered two climate policy
scenarios corresponding to long term stabilization of greenhouse gas in the year 2030 at 550 (an
increase in global temperature of approximately 3°C) and 450 (a rise of around 2°C) ppm of
COy(Suda et al., 1992). This can be achieved by combining different solutions (renewable,
energy efficiency, CCS, nuclear) to cut down the CO,emissions by 50-65% in 2030 comparing to
the reference case level in 2006 (Suda et al., 1992). The European Union (EU) emphasizes the
necessity to reduce COzemissions by developed countries by 30% in 2020 compared to 1990
levels (Abu-Zahra et al., 2009b; Suda et al., 1992). In addition, the EU is committed to achieve a
20% reduction of its greenhouse gas emissions by 2020 compared to 1990 (Sander and Mariz,
1992). To reach this ambitious goal, the focus is mainly on the CO, emissions from the
consumption of fossil fuel, which is responsible of around 57% of the global green house gases
emissions. The global intention is directed toward the fossil fuels that are used for electricity
generation, which are responsible for 41% of the global CO, emission in 2004 (Imai, 2003). The
transportation sector is the second largest CO, emitter and can contribute in reducing
CO.emissions (e.g. by the development of more efficient engines and by switching to more
environmental friendly fuel like hydrogen, which is connected to an earlier CO, separation step).

Currently, fossil fuels provide around 80% of the world’s total energy demand. Coal is playing a
major role as the main source of electrical power (38% of the total electricity generation)
(Mimura et al., 1995). The large dependency on fossil fuels makes it difficult to switch
completely to other energy sources. Moreover, the international energy

y agency scenarios have expected the world energy demand to expand by 45% between now and
2030 (Herzog et al., 2009).

Many researchers are aiming to develop new solvent technologies to improve the efficiency of
the CO, removal. Process model, simulation and evaluation are essential items to predict the
maximization of the absorption process. Several researchers have modelled and studied the MEA
absorption process (Abu-Zahra et al., 2007a). Most of their conclusions focused on reducing the
thermal energy requirement to reduce the overall process expenses. This high-energy
requirement makes the capture process energy intensive and costly considering the cost of

procuring even the MEA (Rao et al., 2006). Therefore, it is important to study other alternative
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solvents to achieving the capture.Also as part of an effort to reduce carbon monoxide poisoning,

capturing carbon monoxide with the sawdust ash leachate will also be investigated.

1.2 Problem Statement

The control of greenhouse gases is arguably the most challenging environmental policy issue
facing most countries today. The development of new technologies for the management of the
aforementioned challenge is the key drive for this research, and this is even more imperative as
there is now need for a shift from the conventional and commonly used chemicals to locally
sourced waste materials, to accomplish the purpose. In this regard, sawdust ash is considered to
be of advantage, since the problem of waste materials disposal have continually posed pollution
and health problems to the public, and have been of great concern to researchers. To making
sawdust ash useful, this research work concentrates on the viability of using sawdust ash leachate
for CO,and CO capturefrom flue gas and comparing the results with the capture achieved with
the use of MEA.

1.3 Aim and Objectives

This research work aimed atdevelopment of carbon oxides sequestration from Yamaha EF1000
using Post — combustion capture technique.The specific objectives are as follows:

1) To produce and characterizesaw dust ash leachate.

2) To captureCOzand CO from flue gas using both sawdust ash leachate and MEA solutions.

3) To determine the effects of the varying ash leachate concentrations on the quantity of the CO,
and CO absorbed.

4) To compare the efficiency of the commonly used MEA solution with the ash leachate at same
concentrations and working conditions.

5) To determine the optimum process parameters, for sequestration of CO, and CO capture from
flue gas.

6) To elucidate the design considerations for a prototype device for CO, and CO capture using

the sawdust ash leachate and MEA.
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1.4 Justification of the Study

Finding good and alternative approach for the capture of CO, and CO, on the quest to reduce
green-house gases is an effort that will be much dependent on the development of new and
dependable technologies that can handle the situation and yet making use of local and affordable
sources to meet the target. Findings from this research and success in the test run of the design
will sure go a long way to step up advances in this area of concern, exposing needed idea to this
regard, thus enhancing general human health and environmental safety. Findings from this work
will to a good extent serve to broaden knowledge that will be helpful in meeting the

aforementioned purpose.

1.5 Scope of the Study

This research work focuses on the experimental investigation of the use of sawdust ash leachate
in the sequestration of CO, and COfrom flue gas, and comparing result with the performance of
conventional MEA solution used in the industries, for this purpose. Afterwards, modelling and
optimization of the experimental data to obtain optimum process conditions for the sequestration
of CO; and CO capture from flue gas will be conducted. Regression analysis will also be carried
out to determine the model fit to the experimental data. The optimum process conditions will be

used in the design and fabrication of a prototype device for CO, and CO capture from flue gas.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Carbon Capture

The main CO; source is the combustion of fossil fuels such as coal, oil, and gas in power plants,
for transportation and in homes, offices, and industry. Fossil fuels provide more than 80% of the
world’s total energy demands (Rubin et al., 2012). It is difficult to reduce the dependency on
fossil fuels and switch to other energy sources. Moreover, the conversion efficiency of other
energy sources for power generation is mostly not as high as that of fossil fuels. A drastic
reduction of CO, emissions resulting from fossil fuels can only be obtained by increasing the
efficiency of power plants and production processes, and decreasing the energy demand,
combined with CO, capture and storage (CCS). CCS is a promising method considering the ever-
increasing worldwide energy demand and the possibility of retrofitting existing plants with
capture, transport, and storage of CO,(IEA GHG, 2005). The captured CO, can be used for
enhanced oil recovery, in the chemical and food industries, or can be stored underground instead

of being emitted to the atmosphere (Makino, 2006).

Technologies to separate CO, from flue gases are based on absorption, adsorption, membranes,
or other physical and biological separation methods. Rao and Rubin (2002) showed that for
many reasons, amine based CO, absorption systems are the most suitable for combustion based
power plants. These can be used for dilute systems and low CO; concentrations. The technology
is commercially available, it is easy to use and can be retrofitted to existing power plants.
Absorption processes are based on thermally re-generable solvent, which have a strong affinity
for CO,. They are generated at elevated temperature. The process thus requires thermal energy to
the regeneration of the solvent. Aqueous monoethanolamine (MEA) has been an available

absorption technology for removing CO, from flue gas streams.

a. COycapture in industrial processes

Besides classical methods, some industries have already developed their ownCO,capture
method, based on their specific process. In some cases, the CO, capture process is still under
development. The most significant example is briefly described below:

Natural gas sweetening: in order to preserve natural gas pipelines from corrosion, the CO,

content in the gas must not exceed 2%. Depending on the initial CO, content, separation
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membranes, physical or chemical absorption processes are applied. Natural gas sweetening is

already a commercially available technology (IPCC, 2005).

b. In ammonia synthesis

Ammonia synthesis: this process is similar to pre-combustion capture with the difference that it
is already commercially available. In ammonia plants, H, and N react to form ammonia.
Hydrogen is produced by steam reforming or gasification, depending on the fuel (light
hydrocarbons or coal respectively). In order to purify the produced syngas, the CO; is generally
captured by absorption. Carbon dioxide is then a by-product of the ammonia synthesis so that
urea production plants — large CO, consumers — are usually associated with ammonia production
plants (IPCC, 2005).

c. In steel production

Steel production: in 2008, the iron and steel industry accounted for 14% of the total industrial
energy consumption (IEO, 2011). However, few large CO, capture projects have been identified
in the steel industry. In the steel industry, the major part of the CO, production is not due to
combustion, but to the reaction of iron ores with a reducing gas, usually carbon monoxide. The
most promising method to cut down CO, emissions consists in capturing CO, from the gas
exiting the blast furnace by vacuum pressure swing adsorption. The other components of the gas
stream (CO and H,) are recycled to the furnace. Moreover, the furnace can be operated with

oxygen instead of air, so that the CO, content of the flue gas is increased (Zuo and Hirsch, 2008).

d. In cement production

Cement production: cement production plants are also large energy consumers. In cement plants,
the CO, concentration in the flue gas varies between 15% and 30%. The post-combustion
capture is the most adapted process for retrofitting existing plants, but it implies higher costs than
in power plants due to the additional flue gas cleaning steps (Anderson et al., 2008).
Consequently, the oxyfuel process is more adapted for a new cement production plant (Barker et
al., 2009). This alternative technology takes place at high temperatures (carbonatation around
650°C, calcination around 900°C) but seems nevertheless promising, with a very low energy

penalty compared to conventional capture methods (Bosoaga and John, 2009).
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e. CO, utilization

The initial objective of CCS technologies is to capture CO, and to store it underground in order
to limit its effect as greenhouse gas. However, capturing CO, is expensive so that valorizing it as
a by-product instead of considering it as a waste would certainly be useful for the development
of large scale CO, capture (IPCC, 2005).
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2.1.10verview of CO, Capture Systems
There are basically three systems for carbon dioxide capture and they are classified as shown in

Figure 2.1.

Capture
systems
\
—
Post- Oxy-fuel Pre-
combustion combustion combustion
capture capture

Figure 2.1: Carbon dioxide capture systems classification

a. Post-combustion capture
Post-combustion capture is a downstream process that is analogous to flue gas desulfurization. It
involves the removal of CO, from the flue gas produced after the combustion of the fuel. A

schematic of post-combustion capture is presented in Figure 2.2.

Nz, H=0, etc,
to atmosphere

Fuel Separation - ‘
4 \ GDE to
M _fjl storage

Figure 2.2: Schematic of post-combustion capture.(Adapted from Anderson and Newell
(2004), Prospects for carbon capture and storagetechnologies.Annual Review of Environment

and Resources).

The oxidant used for combustion is typically air and hence, the flue gases are diluted
significantly with nitrogen. In addition, since the flue gases are at atmospheric pressure, a large
volume of gas has to be treated. Table 2.1 shows the typical CO, percentage in the flue gases

from different combustion systems.
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Table 2.1: Typical CO; percentage in flue gas from different combustion systems

CO; Pressure of gas CO; partial

Concentration, Stream, Pressure,
Flue gas source % vol (dry) Mpa Mpa
Natural gas fired boilers 7-10 0.1 0.007-0.01
Gas turbines 3-4 0.1 0.003-0.004
Oil fired boilers 11-13 0.1 0.011-0.013
Coal fired boilers 12-14 0.1 0.012-0.014
IGCC after combustion 12-14 0.1 0.012-0.014
IGCC synthesis gas after
gasification 8-20 2-7 0.16-1.4

(Adapted from Anderson and Newell (2004), Prospects for carbon capture and storage

technologies.Annual Review of Environment and Resources).

A number of methods exist for the post-combustion capture of CO, from flue gases. These
include:

« Chemical absorption

* Physical absorptions

* Membrane separation

« Adsorption

« Cryogenic separation

b. Chemical Absorption

Chemical absorption systems at present are the preferred option for post combustion capture of
CO,. Chemical absorption systems have been in use since the 1930s for the capture of CO, from
ammonia plants for use in food applications and hence, are a commercially realized technology,
though not at the scale required for power plants.

CO; is separated from the flue gas by passing the flue gas through a continuous scrubbing
system. Absorption processes utilize the reversible chemical reaction of CO, with an aqueous
alkaline solvent, usually an amine. In the desorber, the absorbed CO, is stripped from the

solution and a pure stream of CO, is sent for compression while the regenerated solvent is sent
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back to the absorber. Heat is required in the reboiler to heat up the solvent to the required
temperature; to provide the heat of desorption and to produce steam in order to establish the
required driving force for CO, stripping from the solvent. This leads to the main energy penalty
on the power plant. In addition, energy is required to compress the CO, to the conditions needed
for storage and to operate the pumps and blowers in the process.

c. Oxy-fuel combustion

The main disadvantage of post-combustion capture systems is the dilution of the flue gases due
to nitrogen. This problem can be mitigated if the combustion is carried out in the presence of
oxygen instead of air. The burning of fossil fuel in an atmosphere of oxygen leads to excessively
high temperatures — as high as 3500°C.

The temperature is moderated to a level that the material of construction can withstand by
recycling a fraction of the exhaust flue gases. The flue gas contains mainly CO, and water. It
may also contain other products of combustion, such as NOy and SOy, depending on the fuel
employed. One of the advantages of oxy- fuel combustion is that the formation of NOy is
lowered since there is negligible amount of nitrogen in the oxidant. Any formation of NOy will
only arise from the nitrogen in the fuel. However, if the amount of fuel-bound nitrogen is high,
the concentration of NOx will be very high since it is not diluted by nitrogen. It is necessary that
the NOy be removed prior to recycle of the flue gas. After condensation of water, the flue gas
contains 80-98% CO, depending on the type of the fuel used. This is then compressed, dried and
sent for storage. The CO, capture efficiency is very close to 100% in these systems. It may be
necessary to remove acidic gases such as SOx and NOy if their levels are above those prescribed
for CO, sequestration. Removal of noble gases such as argon may be necessary depending on the
purity of O, employed for combustion. Since there is less NOy, the partial pressure of SO, and
HCI are increased leading to an increase in the acid dew point. Hence, it may be necessary to
employ dry recycle of CO, if the sulfur content of the fuel is high. Since the stream is pure in
CO; and is directly sequestered, it may be possible to store the SO, along with the CO, and claim
mixed credits for this. This will avoid the need for a flue gas desulfurization unit (FGD). Water
however needs to be removed. Complete dehydration of the flue gas will reduce mass flow and
prevent corrosion and hydrate precipitation.

The main energy penalty in oxyfuel combustion occurs due to the energy intensive separation of
oxygen from air in the air separation unit (ASU). Cryogenic separation is employed to obtain an
oxygen stream of 95% purity. One of the methods is through the use of a boiler and a steam
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cycle. To achieve this, boiler modifications are required with some redesign of the burner
system. The air in leakage needs to be minimized and a recycle line needs to be provided for
recycling flue gas to moderate the boiler temperature. In the case of natural gas, oxygen and
natural gas can be sent to a gas turbine for combustion and power generation. However, for this
to be implemented there needs to be commercialization of a gas turbine operating on CO; as the
main working fluid.A feature of oxy-fuel combustion systems is that during start-up, air firing
may be necessary so that sufficient recycle of the flue gas is established before oxygen firing is
initiated. This necessitates the equipment for air firing and additional controls. The control of
these systems is not yet well understood. In order, to evaluate the operability and reliability of

these systems, large scale demonstration units need to be commissioned.

d. Chemical looping combustion

Chemical looping combustion (CLC) is an indirect combustion system that avoids the direct
contact of fuel with the oxidant. Oxygen is transferred to the fuel via a solid oxygen carrier. The
combustion system is split into two reactors. In the reduction reactor (also called the fuel
reactor), the fuel reduces the solid oxide material which is then transported to the oxidation
reactor where the reduced metal oxide is oxidized with air. A schematic of a CLC system is
shown in Figure 2.3.
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Depleted Air Combustion Products

Oz, N2 COz, H20
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Figure 2.3: Schematic of chemical looping combustion. (Adapted from Herzog and
Drake(1996).Carbon dioxide recovery and disposal from large energy systems.Annual Review

of Energy and the Environment, 1996).

The reaction scheme is shown in equation 2-1 to 2-3:
The reduction reaction in the fuel reactor is:
CnH2m + (2n+m)MyOx - (2n+m)MyOx — 1+ nC0, + mH,0 (2-1)

The oxidation reaction in the air reactor is:

2n+m)MyOx —1+ [n + %]02 - (2n+m)MyOx (2-2)
The overall reaction is:

CnHm + [n +%]02 - nCO0, + mH,0 (2-3)

The overall reactions (2-1to 2-3) are the equivalent of the combustion of the fuel.
(2-1) is usually endothermic while (2-2) is exothermic. Hence, there is need for transfer of heat
from the oxidation reactor to the fuel reactor through the solid oxide particles. However, when
CuO is used as the oxygen carrier, (2-1) is exothermic.The flue gases from the reduction reactor
consist mainly of CO, and H,O and a pure stream of CO, can be obtained by condensing the
water. The flue gases can be integrated into the power cycle either via a steam boiler or via a
CO,/H,0 turbine (Herzog and Drake, 1996).
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The oxygen depleted air in the oxidation reactor contains sensible heat due to the exothermic

oxidation reaction. This stream is also integrated into the power cycle.

e. Pre- combustion capture

In pre -combustion capture, the carbon content of the fuel is reduced prior to combustion, so that
upon combustion, a stream of pure CO; is produced. Pre combustion decarbonization can be
used to produce hydrogen or generate electricity or both. A synthesis gas is produced in the first
step of pre -combustion decarbonization. If natural gas is used as a fuel, this is obtained by either
steam reforming or auto thermal reforming. If coal is used as the fuel, synthesis gas is obtained
by gasification. In the next step, the synthesis gas is subjected to the water gas shift reaction to
produce carbon dioxide and hydrogen. The hydrogen and carbon dioxide can be separated by
pressure swing adsorption or physical absorption and the pure CO; stream is compressed and
sent for storage. When pressure swing adsorption is used to produce a pure stream of CO, and
another pure stream of H, an additional step is needed for CO, purification before the H,
purification. The hydrogen stream is either used as a feedstock for a chemical process or is burnt

to produce electricity.

f. Steam reforming
Natural gas can be steam reformed and then subjected to water gas shift reaction to produce a
mixture consisting mainly of carbon dioxide and hydrogen. The reactions in steam reforming are
outlined below:

CHy + H,0 + heat —» CO + 3H, (2-4)

CO + H,0 & CO,+ H, (2-5)
Steam reforming is endothermic and hence, some of the natural gas has to be used for firing in
the reformer furnace to provide the heat required for the reforming reaction. This can lead to
significant energy losses in the process. Since there is a more concentrated stream of CO,
available, the energy penalty for absorption is not as high. The CO, can also be separated by
pressure swing adsorption. However, the water gas shift reaction also requires steam to be
withdrawn from the power cycle. Hence, this process is advantageous only if the energy savings
made from capturing a purer stream of CO, are greater than the energy losses due to loss of

natural gas used for firing and loss of steam from the steam cycle for the shift reaction. If a CO,
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free process is desired, it is necessary to use the produced hydrogen for firing in the reformer,

and this would lead to even higher energy losses.

g. Auto - thermal reforming

Auto - thermal reforming is a combination of steam reforming and partial oxidation. Since the
partial oxidation reaction is exothermic, it provides the energy required for the endothermic
steam reforming and only minimal firing of additional natural gas as fuel is required. The
reactions in auto thermal reforming are given below. The auto thermal reforming is the third

reaction (2-8) and it is the sum of the first two reactions - (2-6) and (2-7).

CmHn +=.0, & mCO + nH (2-6)
%HZ +%02 « %HzO (2-7)
CmHn + 2m4+n 0, » mCO + %HZO (2-8)

The flue gas contains mainly CO, and water. It may also contain other products of combustion,
such as NOyx and SOy, depending on the fuel employed. One of the advantages of oxyfuel
combustion is that the formation of NOy is lowered since there is negligible amount of nitrogen
in the oxidant. Any formation of NOy will only arise from the nitrogen in the fuel. However, if
the amount of fuel-bound nitrogen is high, the concentration of NOy will be very high since it is
not diluted by nitrogen. It is necessary that the NOy be removed prior to recycle of the flue gas.
After condensation of water, the flue gas contains 80-98% CO, depending on the type of the fuel
used. This is then compressed, dried and sent for storage. The CO, capture efficiency is very
close to 100% in these systems. It may be necessary to remove acidic gases such as SOx and NOy
if their levels are above those prescribed for CO, sequestration. Removal of noble gases such as
argon may be necessary depending on the purity of O, employed for combustion. Since there is
less NOy, the partial pressure of SO and HCI are increased leading to an increase in the acid dew
point. Hence, it may be necessary to employ dry recycle of CO; if the sulfur content of the fuel is
high. Since the stream is pure in CO, and is directly sequestered, it may be possible to store the
SO, along with the CO; and claim mixed credits for this. This will avoid the need for a flue gas
desulfurization unit (FGD). Water however needs to be removed. Complete dehydration of the

flue gas will reduce mass flow and prevent corrosion and hydrate precipitation.
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2.2 Components of the Flue Gas

In addition to CO,, N,, O,, H,0, particulates, HCI, HF, mercury, other metals and other trace
organic and inorganic contaminants, flue gas from coal combustion contains other acid gas
components such as NOx and SOx. These acidic gas components have a chemical interaction
with the alkaline solvent, similar to that of CO,. This is not desirable as the irreversible nature of
this interaction leads to the formation of heat stable salts and hence a loss in absorption capacity
of the solvent and the risk of solids forming in the solution. In addition, it results in an extra
consumption of chemicals to regenerate the solvent and the production of a waste stream such as
sodium sulphate or sodium nitrate. Therefore, the removal of NOx and SOx to low levels before
COgrecovery becomes essential. For NOX, it is the NO,which leads to the formation of heat
stable salts. Fortunately, the level of NOis generally a small fraction of the overall NOx content
in a flue gas (IPCC, 2005).

a. Nitrogen oxides

NOXx produced from coal or lignite firing is mainly NO, with up to about 5% NO,, but normally
less. NO does not react with amines in CO, capture plant, but NO,does. NO is not absorbed in
plant but about 30% of the NOzis. The concentration that results is acceptable for Fluor and is
perhaps also low enough, although they have not stated a limit. It is therefore apparent that no

additional NOx abatement is required to protect a Fluor amine scrubber.

b. Sulphur oxides

The allowable SOx content in the flue gas is determined primarily by the cost of the solvent — as
this is consumed by reaction with SOx. SO, concentrations in the flue gas are typically around
300-5000 ppm. Commercially available removal plants remove up to 98-99% of the SO,.
Amines are relatively cheap chemicals, but even cheap solvents such as monoethanolamine
(MEA) may require SOx concentrations of around 10 ppm to keep solvent consumption (around
1.6 kg of MEA/tonne CO, separated) and make up costs at reasonable values. The optimal SO,
content, before the CO, absorption process, is acost trade-off between CO,-solvent consumption

and SO,-removal costs.

2.2.1 Separation of CO, with MEA
The widely used chemical solvents are aqueous solutions of alkanolamines, of which the most
recognised are monoethanolamine (MEA), diethanolamine (DEA) and methyldiethanolamine

(MDEA). These alkanolamines arecommonly referred to as primary, secondary and
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tertiaryamines according to the number of carbon-containing groups attached to the nitrogen
atom. MEA, with only one carboncontaining group is classified as the primary amine, while
DEA falls into the secondary amine category. MDEA is one of the tertiary amines having three

carbon-containing groups (Veawab et al., 2003).

MEA has several advantages over other commercial alkanolamines, such as high reactivity, low
solvent cost, low molecular weight and thus high absorbing capacity on a mass basis. It has a
reasonable thermal stability and thermal degradation rate. Studies have been directed at finding
new amines that are able to capture greater amounts of CO, than MEA and also to avoid its
disadvantages. These include high enthalpy of reaction with CO, leading to higher desorber
energy consumption, the formation of stable carbamate, andalso the formation of degradation
products with carbonyl sulphide or oxygen-bearing gases, inability to remove mercaptans,
vaporisation losses due to high vapour pressure, and more corrosive effects than many other
alkanolamines, thus needing corrosion inhibitors when used in higher concentration (Davidson,
2007). Another major limitation of MEA is that its maximum CO; loading capacity based on
stoichiometry is about 0.5mol CO,/mol amine whereas tertiary amines, such as MDEA, have an

equilibrium CO,loading capacity that approaches 1mol CO,/mol amine (Supap et al., 2009).

A comprehensive study has been conducted to evaluate the contributions of SO, and O, to the
degradation of MEA during CO, capture from power plant flue gas (Uyanga and ldem, 2007).
The authors noted that information on the effects of SO,, NOx and fly ash on MEA degradation
is scant. The aqueous MEA was contacted with gas mixtures that had SO, concentrations in the
range 6-196 ppm. It was found that an increase in the concentrations of SO, and O, in the gas
phase and MEA in the liquid phase resulted in an increase in MEA degradation, whereas an
increase in CO; loading in the liquid phase inhibited degradation. It was pointed out that, if
COqcapture is carried out in the ‘rich mode’, whereby the lean MEA is still considerably loaded
with CO, (for example, 0.25mol CO,/mol MEA) rather than the ‘lean mode’ but maintaining the
cyclic capacity, CO, could actually act as a degradation inhibitor, because this reduces the
amount of SO,and O, that could enter into the agueous MEA solution to induce degradation.
However, the detrimental corrosive effect of excess CO; in the system must be taken into
account.

If the loaded amine solutions contact gas containing oxygen, the amine is subject to oxidative

degradation. The degradationof MEA depends on temperature, initial MEA concentration, and
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oxygen concentration. However, MEA degradation does not follow a simple rate equation; the
reaction order changes from a low to a high value as the concentration of MEA increases. Even
though the experimental conditions allowed the reaction to be modeled as a homogeneous liquid-
phase reaction, it has been concluded that MEA oxidative degradation itself is not an elementary
reaction (Davidson, 2007). Studies have shown that the degradation products are oxidized
fragments of the amine including NHs, formate, acetate, and peroxides. Other studies have
shown that the oxidative degradation is catalyzed by the presence of various multivalent cations
such as iron, copper, nickel and chromium (Goff and Rochelle, 2003). Dissolved iron will always
be present in the absorber as a corrosion product and copper (Il) salts are often added as
corrosion inhibitors. The degradation rate of solutions with high CO, loadings increases with a
rise in the concentration of dissolved iron. The addition of copper further catalyzes the
degradation rates. At a lower COjloading, it was found that the degradation was faster
(Davidson, 2007).

MEA undergoes degradation when exposed to coal-fired power plant flue gas composed of CO»,
fly ash, O,, N2, SO.and NO,. Fly ash is the fine particulates in flue gas consisting of inorganic
oxides, such as SiO,, Al,O3, Fe,03, CaO, MgO, NaO, K;0 and P,0s. The breakdown of the
amine makes the performance of the amine in the absorption process deteriorate. Not only does it
reduce the CO, removal capacity, but corrosion and foaming are induced due to the presence of
degradation products. The prediction of the extent and rate of amine degradation is vital in the
estimation of the exact amine make-up rate needed to maintain the CO, absorption capacity of
the capture process. It is also essential to evaluate the Kinetics of the degradation process since
this provides the elements for a better understanding of the degradation mechanism during the
CO, absorption operation. A kinetic evaluation helps in the formulation of a degradation

prevention strategy (Supap et al., 2009).

Since O; is known to be deleterious to most amines, considerable efforts have been focused on
the O,-induced degradation of MEA. Although the kinetic studies based only on the presence of
O, in the flue gas could provide useful rate information, their application could be limited. If
these kinetic models were applied to a coal-based application in which an aqueous amine was
used to remove CO,, a less than accurate degradation rate would result. This would be because of
the presence of additional impurities such as SO, in the flue gas that also induce degradation.

Other variables such as dissolved iron, NOx, corrosion inhibitors and fly ash could also be

32



present in the CO,capture system. Supap et al., (2009), adopted a step-wise procedure of adding
one variable at a time to determine their effects on amine degradation. They incorporated the
effects of SO, with the well-studied effects of O,. When the effects of all the parameters that
affect amine degradation have been elucidated separately, it will be possible to determine
whether there are interactions between these parameters. The negative effects of SO, in amine
degradation have been reported in terms of its capability of forming heat stable salts such as
thiosulphates and sulphates which reduce the CO, absorption capacity (Supap et al., 2009). Rao
and Rubin (2002) recommended that SO,concentration in the flue gas prior to being treated in a
COqcapture unit should not exceed 10 ppm in order to avoid excessive loss as amine solvent.
Supap et al., (2009) used concentrations of SO, between 6 and 196 ppm that can be observed in a

typical flue gas sequestration process.

Even though present in small amounts, SO, can dissolve and be carried in the amine solution to
the regeneration section of the capture process at which point a high temperature can trigger

serious degradation reactions with the amine solvent.

There are several ways in which an ideal post-combustion capture process could improve upon a
generic MEA capture process. Improvements are possible for the solvent itself, and also for the
process configuration. Starting with the characteristics of the solvent, the following aspects are
of most interest (Moser et al., 2009):

e |low regeneration duty;

e high stability against oxygen and thermal stress;

e low vapour pressure to reduce solvent losses;

¢ high cyclic capacity to reduce the solvent circulation rate;

¢ high reactivity to CO,/fast reaction Kinetics;

e uncritical safety data (such as non-toxic, high flash and ignition point);

e Good availability and low cost.

Puxty et al. (2009) screened 76 different amines for theirability to absorb CO,. They included
primary, secondary and tertiary amines; alkanolamines; polyamines of a mixed or single type;
cyclic and aromatic amines; amino acids; and sterically free and hindered amines. Of the 76
amines tested, seven were found to have an outstanding CO, absorption capacity compared to

modeling predictions. Of the four primary and secondary amines showing outstanding absorption
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capacity, all showed initial absorption rates similar to MEA. More testing is required to evaluate
further these amines as candidate molecules for large-scale CO, capture. Detailed information is
required on CO, absorption rate as afunction of temperature, amine concentration and
COgloading; the energy requirement of, and their capacity to, capture cyclically and release CO»;
their resistance to oxidative and thermal degradation; their corrosiveness; their resistance to
degradation by flue gas impurities (SOx, NOx and trace elements); and their toxicity and the

toxicity of degradation products.

Puxty et al. (2009) concluded from their work that there is still significant scope for
improvement in the use of aqueous amine solutions for CO, capture by chemical absorption.
However, it is also clear that there is a lack of understanding about the chemistry involved.
Understanding how the amines that show outstanding CO, absorption capacities do so is
fundamental to achieving an optimalformulation that maximizes efficiency and minimizes cost
and sustainability for post-combustion capture on an industrial scale. Existing understanding of

the reaction pathways is unable to account for these characteristics.

A study to improve post-combustion capture technology has been reported by Moser et al.
(2009). Two factors characterizing the performance of the process were defined as necessary
conditions for a future application of post-combustion technology. At present neither criteria are
fulfilled by the post-combustion capture technology, particularly because of the large,
unpressurised flue gas stream of a coal-fired power station that has to be treated and due to its
special composition that differs from CO,-rich gas streams. However, the feasibility study
showed that both general goals could be achieved by an optimized post-combustion capture

process based on a new scrubbing solvent.

2.2.2Environmental Impact of Carbon Monoxide

Carbon monoxide is different from most pollutants. It can persist in the atmosphere for about a
month and can be transported along distances. Although carbon monoxide is only a weak
greenhouse gas, its influence on climate goes beyond its own direct effects. Its presence affects
concentrations of other greenhouse gases including methane, tropospheric ozone and carbon
dioxide(Drew Shindell, 2007).

Carbon monoxide readily reacts with the hydroxyl radical (OH) forming a much stronger,

greenhouse gas — carbon dioxide. This in turn, increases concentrations of methane, another
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strong greenhouse gas; because the most common way methane is removed from the atmosphere
is when it reacts with OH. So the formation of Carbon dioxide leaves fewer OH for methane to
react with, thus increasing methane’s concentration. A NASA report indicates that carbon
monoxide is responsible for 13% reduction in hydroxyl concentrations and through other

reactions, a 9% drop in sulfate concentrations (Drew Shindell, 2007).

Aboudheir et al. (2003) explained that these discrepancies are due to (among other factors) the
assumptions of a pseudo first order reaction with respect to both mechanisms are needed to
accurately describe the kinetics.

Three mechanisms were described by Vaidya and Kenig (2007).

° Zwitterions Mechanism
. Termolecular Mechanism
o Base catalyzed hydration mechanism

Davidson (2007) discussed three main degradation routes
a. Carbonate polymerization

b. Oxidant degradation

C. Chemical degradation

Carbonate polymerization is insignificant at temperature below 100°C. Thermal degradation
takes place at temperature above 205°C, most degradation comes from the presence of oxygen in
the flue gas. (Davidson, 2007) explains that for carboxylic (formate, glycolate, oxalate and
acetate) are major amine degradation products while nitrates and ethylenediamine were also
found in significant quantities.

Sexton and Rochelle (2009) described catalysts and inhibitors for MEA oxidation. They carried
out studies at 55°C and found that dissolved metals catalyze the oxidation process in the order of
Copper > Chromium > Nickel > Iron >Vanadium.

They also identified effective degradation, inhibitors such as ethylenediamine ataractic acid
(EDTA) and explained that some expected inhibitors such as formaldehyde formate and sodium

sulphite actually increases MEA losses.
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2.2.3Level of complexity in modelling

In modelling absorber and stripper, the two approaches are commonly used, the equilibrium
based approach and the rate based approach. The former approach assumes a theoretical stage in
which liquid and gas phase attain equilibrium and the performance of each stage is adjusted
using tray efficiency correction factor (Schneilder et al., 1999). This is usually sufficient to
model non-reactive system. In amine absorption, chemical reactions are involved and such
equilibrium is rarely attained. As such the rate based approach is more appropriate. In the rate
based approach actual rates of multi components mass and heat transfer as well as chemical
reactions are considered directly (Noves, 2003). To model such a reactive absorption process,
simple or complex representation can be used for mass transfer and reaction aspects differences
between various forms of models are indicated. The two film theory assumes that the liquid and
vapor phase both consist of film and bulk regions. Heat and mass transfer resistance are assumed
to be restricted to these laminar film regions (Danckwerts, 1970).

The penetration theory originally proposed by Highie assumes that every element on the surface
of the liquid is exposed to the vapor phase for the same length of time before it is replaced by
liquid of the bulk composition. The exposure time encompasses the effects of the hydrodynamic
properties of the system and is used to define their effect on the mass transfer coefficient
(Danckwerts, 1970).

The performance of the absorber and the stripper, the two major components in the conventional
CO, capture process has been studied by a number of researchers through modally and
simulation. In Lawal et al (2009) a dynamic rigorous model was developed for the absorber. This
assumed rate based mass transfer with reactions at equilibrium process analysis based on this
model found that the absorber performance can be maintained during part load operation by
Maintaining the ratio of the flow rate of the lean solvent and flue gas to the absorber in
Kvamsdal et al. (2009), the absorber was modeled dynamically assuming rate based mass
transfer and counting the impact of reaction with an enhancement factor, the dynamic model of
absorber was then used to investigate two transient operation scenarios start up and load
reduction. The authors also pointed out that a dynamic mode for the whole CO, capture process
(i.e with the stripper and heat exchange units) is required to evaluate different operational

challenges.
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Lawal et al. (2009)developed a dynamic model for the stripper. This assumed rate based mass
transfer and reaction at equilibrium, it was used to analyze the impact of the reboiler duty on the
CO; loadings in the solvent at the bottom of the stripper modelled dynamically using rate based
mass transfer and assuming reaction at equilibrium. This model was subsequently used to
minimize the energy consumption of the stripper. The limitations of the publication so far (Lawal
et al., 2009), (Kvamsdal et al., 2009) and (Ziali et al., 2009) is that process dynamic analysis was
carried out with individual dynamic models for absorber or stripper independently without
considering their possible interaction when operation together as a plant.

Uyanga and Idem (2007) demonstrated that an increase in SO, concentration would result in an
increase in MEA degradation. The study also suggests that an increase in CO; loading in the
liquid phase produced an inhibition effect to MEA degradation because this would reduce the
amount of SO, and O, that could react with the MEA solution to induce degradation. It may
therefore be of advantage to operate the absorption process with higher lean COsloading.
However, in doing so consideration has to be made regarding the corrosive effect of more CO,in
the system (Davidson, 2007).

Davidson (2007) explained that the factors that influence corrosion rates in amines plants include
COqloading, amine type and concentration, temperature, solution velocity and degradation
products MEA is quite corrosive compared to the secondary or tertiary amines used for gas
treating (Kittel et al, 2009). Corrosion is found to reduce in the following order MEA > Amp >
DEA > MDEA (Davidson, 2007). Other solvents used for CO,chemical absorption include
methyldiethanol-amine (MDEA) MEA can react more quickly with CO,than MDEA can, but
MDEA has a higher of CO, absorption capacity and require lower energy to regenerate
COy(Davidson, 2007).

Aroonwilas and Veawab (2007a) studied the performance of different amines such as MEA and
MDEA is mixed at the appropriate ratio and used as solvent for CO, capture the energy
consumption for regenerating CO.is reduced significantly compared with MEA only, the whole
power plant with CO,capture can improve thermal efficiency around 3%. However, this study
was carried out at steady state and when power plant is operated at full load; other solvents
include the sterically hindered amines developed by the Kansai Electric Power Co. (Davidson,
2009). These solvents are claimed to offer lower energy consumption and solvent loss. These

solvents however have higher cost (Reddy et al, 2008).

37



Process intensification can be used for the absorption of CO,, this can be achieved with a novel
technology called Higee (High gravity). This was first proposed when a rotating packed bed
(RPB) was invented, to enhance distillation and absorption efficiencies. It takes advantage of
centrifugal fields through RPB to generate high gravity and therefore boosts the mass transfer

coefficients, resulting order of magnitude reduction in equilibrium size.

2.4Past Efforts and Research Directions of Carbon Capture Technologies

2.4.1Chemical Solvent

The most commonly used technology today for low concentration CO, capture is absorption with
chemical solvents. This chemical absorption process is adapted from the gas processing industry
where amine — based processes have been used commercially for the removal of acid gas

impurities from process gas streams (Wang et al., 2011).

However, problems of scale, efficiency and stability become barriers when chemical solvents are
used for high — volume gas flows with a relatively smaller fraction of valuable product. The
processes require large amounts of material undergoing significant changes in conditions,
leading to high investment costs and energy consumption. In addition, degradation and oxidation
of the solvents over time produces products that are corrosive and may require hazardous
material handling (Wang et al., 2011).

Research on improved chemical solvents that seeks a high absorption capacity for CO, without a
corresponding large energy requirement for regeneration is necessitated. Other desirable
proportion includes high chemical stability, low vapour pressure and low corrosiveness. It has
been shown that solvents based on piperazine promoted K,CO3; can have reaction rates
approaching that of monothenol amine — MEA, but currently have lower capacity. These
modified amines attempt to balance good absorption and regeneration characteristics under some
conditions due to the reduced chemical stability of the amine — CO, formed. Controlled species

selectivity is also possible with these compounds.

Davidson (2007) established that chemical absorption of CO is preferred for post combustion
capture from fuel power plants because it is able to capture CO, in low partial pressures. MEA
solvent is relatively cheap and chemical absorption process with MEA is backed up by

commercially available and proven technology (Davidson and Santos, 2007).
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Davidson (2007) highlighted some problems encountered using MEA such as:
@ Degradation of solvents in the oxidizing environment of flue gas.
(b) Energy consumption for regeneration of solvents

(© Corrosion

Alternative solvents to MEA should therefore have higher capacity for CO, capture and lower
energy consumption. Other solvents wused for CO, chemical absorption include
methyldiethanolamine (MDEA). MEA can react more quickly with CO, than MDEA can, but
MDEA has higher CO, absorption capacity and requires lower energy to regenerate CO,
(Davidson, 2007; Aroonwilas and Veawab, 2009; Wang et al., 2011).

2.4.21deal Solvent Properties

In creating a CO, capture system that will be cost effective enough to be feasible economically,
improvements to the current processes must occur. The most important of these advances will be
the development of more effective solvents. Important solvent properties include fast CO,
absorption rate, high CO; capacity, low regeneration energy requirements, low degradation rates,
low solvent costs and low corrosivity. Solvents with a fast reaction rate will result in a smaller
absorber, less packing and reduced pressure drop. The absorber could be operated closer to
equilibrium, which would result in a CO, richer solution and thus a more efficient stripper and
lower regeneration costs. Higher capacity solvents result in a lower circulation rate and a lower
energy requirement for regeneration. A low corrosivity solvent can be used with equipment made
of carbon steel, instead of stainless steel, which will reduce capital costs. There will be a tradeoff
between solvent cost and benefits derived from its use, making the utilization of an inexpensive

bulk material important (Cullinane and Rochelle, 2002).

Another class of solvents for CO, capture application is amino acid salts. They are being
investigated because of their fast reaction kinetics, high achievable cyclic loadings, good stability
towards oxygen and favorable CO, binding energy. One advantage of using these salts is for high

CO; loading, precipitation will occur.

a. Chemistry of the MEA and Saw Dust Ash (SDA) Systems
In the MEA system, CO; is solubilized in the liquid phase either in a carbonate or bicarbonate

form. The following reversible reactions occur in the MEA system:
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2H,0 & H30% + OH™ (2-9)

CO, + 2H,0 < HCO3 + H;0% (2-10)
MEA + HCO3 <& MEACOOH™ + H,0 (2-11)
MEA + H;0% & MEA* + H,0 (2-12)
HCO3 + H,0 < C03™ + H;0% (2-13)
A similar set of reactions can be proposed for the Saw Dust Ash (SDA) system:
2H,0 < H3;0% + OH™ (2-14)
CO, + 2H,0 & HCO3 + H;0% (2-15)
Ca’t + HCO; & CaCO;+ HT (2-16)
Ca’t + H;0" & CaO + 3H* (2-17)
HCO7 + 3H" & C0% + 2H, (2-18)

The equilibrium constants for the reaction are temperature dependent and follow the dependence
given in (2-19).

In KX=A+TE+CInT+DT (2-19)

b. Carbamate formation in the MEA system

Carbamate formation is an important reaction in CO, absorption. There is much discussion in the
literature on the mechanism of formation of the carbamate. Two mechanisms have been
proposed for the formation of the carbamate — the zwitterions mechanism and the termolecular

mechanism.

c. Zwitterion Mechanism

This mechanism was proposed by Caplow (1968),and is shown in figure 2.4.

NR2 N*R,CO» NR-CO»
H—O—H H—O—H H—O— H'

Figure 2.4: Zwitterion mechanism for carbamate formation
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Caplow assumed that the amine molecule forms a hydrogen bond with the water molecule before
reacting with CO,. The first step was the formation of an unstable inter mediate by the bonding
of the CO, molecule to the amine. In the second step, the amine proton is transferred to a basic
molecule to form the carbamate. The base can be a water molecule or an amine.

The kinetic expressions for this have been elucidated by Kumar et al. (2003).

QSSA on zwitterions gives:

_ k.lco.liam]  |co,llam]
o TR, 1 k. 1 (2-20)

Sk kK Sk,

The summation term is the contribution of all the bases present in the solution for the removal of

protons. In lean aqueous solutions, the amine, water, OH  can act as bases causing the
deprotonation of the zwitterions to form the carbamate specie.

1. For how amine concentrations, K, — Kx2o

H,O
|"Co2 = kz[COz] [Am{%l]] (2-21)

2. At moderately high amine concentrations, the contribution of the amine and the water to
the zwitterion’s deprotonations are equal important and hence the contribution of all must
be considered.

3. At very high amine concentrations, the contribution of water to the deprotonation is

insignificant and also k.1/(kam[am] is low. Hence,

Fco,™ k,ICO,J[Am] (2-22)

d. Termolecular mechanism
A termolecular single-step mechanism for carbamat?ormation was %posed in 1989 and is
shown in Figure 2.5.

P AN

C . N
~— | “

(” Hem 0
O | o _/

Figure 2.5: Termolecular mechanism for carbamate formation
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In this mechanism, the bond formation with CO, and the proton transfer take place
simultaneously. This mechanism is no very different from that proposed by Caplow in 1968. In
this the formation of hydrogen bond with the base is ignored. If the lifetime of the zwitterions is
very small, then Caplow’s mechanism approaches the termolecular mechanism.
CO, + RRNHREBNZCOO (2-23)
RRN"HCOO*B <= RRNCOO +BH" (2-24)

The experimental data can be represented by either mechanism. However, ab initio computations
show that the single step termolecular reaction is more likely. In addition, for some systems
reported in literature, the zwitterions mechanism gives implausible values of parameters. Other
mechanisms have also been proposed to explain the carbamate formation and so as of yet, there
IS no consensus on which the correct mechanism is.

In the MEA system, CO, is solubilized in the liquid phase either in a carbamate,

carbonate or bicarbonate forms.

2.4.3Process description of CO, capture using MEA

The process for CO, capture using MEA can be broken into three (3) different sections:
1. Flue gas cooling and compression

2. Absorption of CO, and regeneration of solvent

3. CO, compression

1. Flue gas cooling and compression:

The absorber in the MEA system operates at a temperature of approximately 40°C and hence, the
inlet temperature of the gases to the absorber system needs to be around 40-50°C. In the case of
natural gas combined cycle plants, the temperature of the flue gas at the exhaust of the power
plant is around 110-120°C and these gases need to be cooled before being fed to the absorption
system. Cooling is required for flue gases derived from coal-fired power plants as well unless the
flue gases have been through a wet flue gas desulfurization scrubber, in which case they may
already have been cooled to the requisite temperature.

The flue gas is typically cooled by passing it through a direct contact cooling tower (DCC). The
DCC is a packed tower in which there is counter-current flow of cooling water and the flue
gases. The flue gases enter at the bottom of the tower with the cooling water entering at the top.
In the tower, the flue gas is cooled by evaporation of water and hence, the water content of the

flue gas is reduced at the exit of the tower. The cooling water is collected at the bottom of the
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DCC and is sent to a cooling water in order to have its temperature reduced before being used in
the DCC again. The flue gas exits at the top of the DCC and is sent to a blower where it is
slightly compressed. Since the flue gas stream has to flow upward through a packed absorber, it
IS necessary to increase the pressure of the flue gas before sending it to the absorber. This is also
accompanied by attendant temperature increase. It is necessary that prior to chemical absorption
with MEA, the flue gas be scrubbed to remove NOx, SOx and similar impurities. The presence
of NOx and SOx in the flue gas is undesirable since they react irreversibly with the amine
solvent to form heat stable salts that cannot be reclaimed. In NOX, it is NO, which is responsible
for the irreversible reaction. A NO, level of less than 20 ppmv is recommended. Most modern
plants produce a flue gas with a NO, content lower than this and hence, this does not pose too
much of a problem. For SOx, there is a trade -off between the cost of the flue gas desulfurization
and the cost of the makeup solvent required to compensate the degradation of the solvent due to
SOx.

Reclaiming of solvent

Particularly in the case of flue gas from coal fired power plants, it will be necessary to use a
MEA reclaimer to treat some of the heat stable salts that from due to the NOx and SOx. The
continued buildup of these salts in the amine stream is undesirable since it lowers the capacity of
the solvent for CO, absorption. A purge stream of the solvent is removed and taken to a
reclaimer where in the presence of a strong alkali like NaOH and with the application of heat,
some of the heat stable salts can be dissociated, resulting in the recovery of some of the solvent.
The sludge that is produced in the reclaimer is sent for disposal in a landfill.

3. CO, compression:

The CO, gas that is released from the desorber needs to be dried and compressed before being
sent for storage. Drying is an important step since the presence of moisture in the stream can
cause corrosion in the pipelines used for CO, transport. Typically, a 4-stagereciprocating
compressor is used with cooling between the stages. The compressor is used to compress the
CO, to 90 atm, beyond which the supercritical liquid CO, can be pumped to the discharge

pressure of 130 atm.
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2.4.4Advantages and drawbacks of post-combustion capture with amine solvents

The main advantage of CO, post-combustion capture is its availability for retrofitting existing
power plants (Figueroa et al., 2008). Among the different post-combustion techniques and at the
current state of technology, reactive absorption in amine solvents is often considered as the most
efficient method for CO, capture, or at least the most feasible route to large-scale
implementation (Rubin et al., 2012; Svendsen et al., 2011). The main reason for that is the large
experience gained in various applications like natural gas sweetening or commercial CO, capture
from flue gas. Moreover, the development of CO, capture with amine solvents was based on
MEA, an amine that rapidly reacts with CO, and that possesses a high CO, capacity on a mass
basis (Bruder and Svendsen, 2012). However, two main drawbacks still affect the CO, chemical
absorption in amine solvents, and especially in MEA: the high cost of the process and its

environmental safety (Svendsen et al., 2011).

Besides cost issues, the environmental safety of post-combustion capture with amine solvents
also represents a critical issue. Creating a new environmental problem when solving an initial
one must be strictly avoided (Svendsen et al., 2011). Two types of environmentally harmful
chemicals may be emitted by the CO, capture process: the amine solvent and its degradation
products.

The vapour pressure of the amine solvent above its aqueous solution can be significant, so that
some amine may exit the process with the cleaned flue gas. In the case of MEA, solvent
emissions can be kept very low by an optimal operation of the washing section (Mertens et al.,
2012; Moser et al., 2011). In comparison, significant emissions of AMP solvent were recorded
during a pilot plant test with AMP/PZ (Mertens et al., 2012). This is in accordance with the
higher volatility of AMP compared to MEA and PZ (Nguyen et al., 2010). Thus, volatility is a
further essential parameter when selecting a new solvent. Based on unpublished data, Svendsen
et al. (2011) claim that optimal washing sections could bring amine emissions down to 0.01-0.05
ppm in the cleaned flue gas.

Amine degradation products may also be emitted by the capture process. Indeed, during the
absorption, the amine solvent is in contact with oxygen from the flue gas, inducing oxidative
degradation of the amine. The solvent is also heated in presence of CO, during the regeneration,
inducing thermal degradation with CO,. If SOx and NOx impurities have not been correctly
removed from the flue gas before the absorber, they may also cause amine solvent degradation.
The amine solvent can degrade into gaseous as well as liquid degradation products that are
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classified as environmentally harmful emissions. Some recent studies at lab and pilot scale have
evidenced that the operating conditions of the capture process have a direct impact on the
formation and emission of degradation products (Mertens et al., 2012; Voice and Rochelle,
2013). However, there still remains a knowledge gap about the environmental impact of post-
combustion CO, capture with amines (Shao, 2009).

2.5Influence of Dissolved Metals

Several works have reported that the presence of dissolved metals like iron (Fe), copper (Cu),
chromium (Cr), nickel (Ni), manganese (Mn) and vanadium (V) catalyzes solvent degradation.
Fe, Cr, Ni and Mn may leach from columns and pipes walls, and Cu and V are sometimes

deliberately added to amine solutions as corrosion inhibitors (Cheng & Meisen, 1996).

No published results could be found about the influence of metals on thermal decomposition or
on MEA reactions with flue gas contaminants. In the case of MEA thermal degradation with
CO,, different studies have evidenced that the presence of metal has no influence on the
degradation.

On the contrary, dissolved metals play a major role in oxidative degradation. Indeed, the
presence of metals catalyzes the formation of free radicals, and thus the initiation of chain
reactions. Bedell (2009) proposes three main pathways:

Dissolved metals show varying potentials as catalysts for the oxidative degradation of MEA.
Moreover, combinations of metals may increase the respective catalytic effects of the different
metals, like in the presence of both iron and copper. Metals can be classified in decreasing order
of oxidative potential as following:

Mn7+ > Fe2+/Cu2+ > Cu2+> Cr3+/Ni2+ > Fe2+ > Cr3+ > V5+ > Ti, Co, Mo, Ni, Sn, Se, Ce, Zn
Ag2+ also shows an oxidative potential, but it has not been compared to other metals. On the
contrary, it has been reported that Mn2+ has an inhibiting effect on degradation. This highlights
the need for further studies to better understand metal catalyzed degradation pathways.
Moreover, degradation products are observed in different proportions according to the metal

catalyst used.

Finally, there is still a knowledge gap in the interactions between corrosion and degradation,
inducing an important challenge for post-combustion CO, capture. Indeed, there is a vicious
circle between both phenomena. Degradation causes the apparition of corrosive products that

corrode the pipe walls, thus releasing more metal ions into the solution. Considering that
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oxidative degradation is catalysed by those metal ions, degradation is then worsened by the

corrosion and vice-versa.

2.6Possible Answers to Amine Degradation

Various solutions have been proposed to limit the influence of degradation on the operation of a
CO;, capture plant. Usual solutions in commercial plants are referred to as reclaiming processes.
They aim at purifying the amine solvent that contains degradation products. However, it is also
possible to act preventively in order to avoid solvent degradation, which is the objective of

degradation inhibitors.

2.6.1 Reclaiming methods

The most commonly used reclaiming methods are described below based on the work of
Cummings et al. (2007).

Solvent purge and make-up: as mentioned by Cummings et al. (2007), “this method might not be
opposed by your amine supplier”. It is a simple and widely used solution in commercial CO,
capture processes but it implies a large consumption of fresh amine. Moreover, the purged
solvent must be properly disposed of, inducing additional waste treatment costs and a low

environmental efficiency.

Thermal distillation: the amine solvent is vaporized in a distillation column, and the non-volatile
degradation products are recovered in the sump of the column. This is an interesting technique if
the concentration of degradation products is high. There is less waste generated in comparison to
the first method but the energy requirement of distillation is an important drawback in this
method, especially for less degraded solutions. Thermal reclaiming may also induce additional
thermal degradation with CO, since the temperature in the bottom of the reclaimer may reach
150°C. Thermal distillation may be performed under vacuum for low volatile amine. It is not the
case for MEA.

Neutralization: a strong base, usually NaOH is added to the solution. The undesired acid
contaminant that has formed a salt with MEA associates with the strong base and releases the
amine. This method limits the effect of degradation products, but does not remove them, so that
solvent properties may remain affected. An interesting alternative to NaOH has been proposed
by Xu and Rochelle (2009). KOH is used as the strong base, leading to the precipitation of
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K2SO4 crystals easily removable from the solvent. However, this method mainly addresses heat
stable salts so that non-ionic degradation products are unaffected.

lon exchange: the same principle as for neutralization is used. The undesired acid contaminant
that has formed a salt with MEA is exchanged with a friendly anion brought into the system by a
resin. This is an interesting method from the economic point of view, but it only addresses ionic

degradation products.

Electrodialysis: lonic degradation products migrate through ion-selective membranes placed in
an electric field. The energy requirement of this technique is advantageous but it produces more
waste than ion exchange.

Independently of their efficiency, these methods are only used with already degraded amine
solvents, so that they do not prevent degradation. As a consequence, many negative effects

induced by degradation are not addressed by such techniques.

2.6.2 Degradation inhibitors

The use of degradation inhibitors may be an interesting alternative to reclaiming techniques.
Indeed, some chemicals show the ability of inhibiting amine degradation, especially oxidative
degradation. This attractive approach prevents the formation of degradation products, so that the
fresh amine consumption is reduced, as well as the waste volume. However, degradation
inhibitors may modify the solvent properties, and more research is needed to assess this effect.
Indeed, the biodegradability of amine solvents should be preserved in order to limit the
environmental penalty of solvent emissions (either due to solvent volatility or to accidental
release) so that a trade-off is necessary between solvent stability and environmental safety.

The role of a degradation inhibitor is to prevent or minimize the solvent degradation during the
CO, capture process. However, no degradation inhibitor has been proposed so far to prevent
MEA thermal decomposition, thermal degradation with CO, or NOx degradation, and only few
studies have considered SO, degradation. The reasons are the following: Experimental study of
amine solvent degradation. Thermal decomposition of MEA occurs at temperatures higher than
200°C (Epp and Bathen, 2011), so that there is no need to consider it in usual CO, capture

processes.

Degradation due to CO; results from the CO; absorption in MEA, a mechanism that is desired,

so that inhibiting this mechanism does not make much sense. Degradation with NOx and SOx
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has rarely been studied because of the low SO, and NOx content achievable in power plant flue
gas.

As a consequence, most studies about degradation inhibitors address oxidative degradation.
Oxidative degradation inhibitors may be separated into three main categories based on the
oxidative degradation mechanisms (Bedell, 2009).

Chelating agents: they form a complex with dissolved metals, inhibiting their catalytic activity
and limiting the initiation/propagation steps of the chain reaction.

Radical and O, scavengers: dissolved O, forms peroxides in water. Radical scavengers react with
the peroxides to form stable products and stop the chain reaction. They are also called O,
scavengers since they stoichiometrically react with dissolved O,. Disadvantage of many radical
scavengers is that they are consumed during the reaction and must be renewed.

Stable salts like KCI, KBr or KCOOH increase the ionic strength of water, so that the solubility
of gases in the solvent decreases (Goff and Rochelle, 2003). However, these salts appeared to be

poor inhibitors, decreasing the NH3 production by only 15% in the best case.

2.6.3Degradation of MEA Solvent
One of the concerns with using MEA as a solvent is that it is prone to degradation at high

temperatures by a number of mechanisms as outlined in this section.

a. Carbamate Polymerization

Carbamate polymerization is the most common mechanism of amine degradation. It occurs in the
presence of CO, and high temperature. The rate of degradation is a strong function of CO, partial
pressure and temperature. Carbamate polymerization is initiated by the formation of an
oxazolidone. This forms as a five-member ring by the internal reaction of an alcohol and a
carbamate. The parent amine then reacts with the oxazolidone to produce a substituted
ethylenediamine. The final step in the degradation is the condensation of the substituted
ethylenediamine to a substituted piperazine. Sterically hindered amines and tertiary amines do
not have a strong tendency to form carbamate and hence, are not subjected to his form of

degradation.

Degradation by carbamate polymerization is insignificant at temperatures lower than 100°C and
hence, will be important only around the stripper and the reboiler sump. Since, the degradation
reactions are favored at high CO.loading, the degradation is more probable at the rich end of the

stripper. In addition, the rate of polymerization has a high dependence on amine concentration

48



and hence, solvents that use a lower amine concentration will have a lower rate of degradation.
Carbamate polymerization has been studied by a number of authors, however there is not much

literature on the kinetics of the carbamate polymerization react.

b. Oxidative degradation

Oxidative degradation occurs due to the presence of oxygen in the flue. Neither carbon dioxide
nor high temperature is required for oxidative degradation to occur. The products of oxidative
degradation include various aldehydes, organic acids such as acetate, formate, glycolate, acetate
and oxalate amines, NH; and nitrosoamines. These products can have significant environmental
impacts if released into the environment. Nitrosoamines are known to be carcinogens. Oxidative
degradation also results in the formation of heat stable salts and loss of the solvent. The degraded
solvent has to be replaces with make-up and this can be a significant cost in the process. In
addition, the degradation reactions can significantly enhance the corrosion of the column and its
internals. In industrial applications, Fe and Cu are likely to be catalysts that promote the
degradation of the amine.

Oxidative degradation will most likely occur at short times and low temperature with contact in
the absorber and at longer times and high temperature in the stripper. A number of authors have
studied the oxidative degradation of MEA. A study at the University of Texas has identified that
the oxidative degradation of MEA under industrial conditions is controlled by O, mass transfer
and that the degradation rate is likely to be 0.29 - 0.73kg MEA/m ton of CO,. In general,
inhibitors are added to the system to prevent the oxidative degradation of MEA.

2.7Chilled Ammonia System

The use of ammonia as a solvent for absorption of COhas seen increasing interest over the past
few years. Two variation of this process have been discussed in this literature. The first is the
Aqua ammonia process in which an agueous ammonia solution is used to capture CO,with the
absorption occurring at room temperature. In this process, the absorption of CO; in the ammonia
solution is carried out under refrigerated conditions in the temperature range of 0 to 10°C. The
process engineering for the chilled ammonia process has been carried out by Alston power. The

focus of this chapter is on an analysis of the energy consumption in the chilled ammonia process.
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2.7.1 Chemistry of the chilled ammonia system
The chemistry of the system is based on the reaction of CO, with an ammonium carbonate
solution. The chilled ammonia process also involves the precipitation of ammonium bicarbonate

due to the low temperature in the absorber. The reactions involved are detailed under:

NH3(g9) «<NHs(aq) (2-25)

CO2 (9)«>CO (aq) (2-26)
2H, O (ag)«—H;0"(ag)+ OH (aq) (2-27)

CO2 (aq) + 2H20 (ag) «<H30" (aq) + HCOs'(aq) (2-28)
HCOs'(aq) + H20 (ag) «—H30* (ag)+ CO32 (aq) (2-29)
NHs(ag) + H,O(aq) «NH"4(aq) +OH(aq) (2-30)

NH; (ag)+ HCOs5'(ag) «>NH,COO™ (ag)+ H,O (aq) (2-31)
NH*; (ag) +HCOs(aq) «>NH4HCO;3 (s) (2-32)

CO; is solubilized in the solution in the carbonate, bicarbonate and carbonate forms. It is
important to consider the carbonate formation since this is a significant reaction. Many studies of
the ammonia system ignore the formation of the carbonate species and this result in a much

lower estimated heat of reaction.

2.8Discussion on Mass Transfer Considerations

In the modelling of the chilled ammonia system, the absorber was modeled as made up of a
number of equilibrium stages — both from the kinetics viewpoint as well as the mass transfer
view. However, it is important to consider the mass transfer implications in the chilled ammonia
system, particularly given the precipitation that occurs in the system. In this section, a
preliminary discussion on the comparison of the mass transfer coefficient in the chilled ammonia
system with the MEA system is presented.

2.8.1 Intrinsic mass transfer coefficient

If the reaction of CO, with the solvent is assumed to be a pseudo-first order reaction as an

approximation, then:

loo, =k[CO,] (2-33)
With

k, =k,[C,] (2-34)
Where:

K is the pseudo-first order rate constant
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K is the second order rate constant
Cs is the concentration of the solvent
The differential equation representing the steady state transfer is then given by:

o*[co, |

oz K [co,]=0 (2-35)
Where:
Deo, is the diffusivity of CO,
The boundary conditions are:
{co}={co2}1@x=8 (2-36)

Where:
X=0 and x=8 are the boundaries of the liquid film

The general solution of this equation as given by Danckwerts is:

1 . k . (Deo k

- - h 1 CO, | sinh | —=2= — L 2-37

[COZ] sinhvM {[COZLS'H {X DCOZJ_'_[ o} sin ( K, Xj Dc02] &30
D.. k

Where M=—S21 (2-38)
k2
1

Where

M = (hatta number)?
K1 is the mass transfer coefficient in m/s

Now applying fick’s law at the gas-liguid interface, we have

dco,] (2-39)
dx

NCOZ:_

Where:
Nco, is the flux of co,

This gives us an expression for co, flux under first and pseudo first-order conditions:

[co, b j VM

2-40
cshvM ) tanh VM (2-40)

As the rate of the reaction increases, the hatta number increases and the reaction

N coz = K ([Coz]i —~

Becomes completed in the film and [co2]o ----->0 and the rate tanh contribution tends to 1.

Hence we obtain,
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Nco, = kl\/M|co, |i

Nco, = kDo ko, (41
Equation (2-34) can be combined to give equation (2-36))
Nco2 = /K 2C,Dco,[co, | i (2-42)
The equation for the co, flux can also be given as in (2-37))
Nco, = k, *(CO, —CO,) (2-43)
Since CO2b--->0, we have
Nco, = k, [co, Ji (2-44)
comparing (2-43) and (2-45) we have
kL =/k,[C; Dy, (2-45)

Thus using the above equations it is possible to compare the mass transfer coefficients that are

obtainable in different solutions.

a. Kinetic constant for MEA system

A number of researchers have investigated the kinetic of COjabsorption in MEA. Bishnoi(2011)
provides a compilation of the various results and suggests that the rate expression provided by
Hikita (2009) fits the data the best. The rate expression is.

2-4
log,, K, :10.99—%52 (2-46)

b. Kinetic constant for ammonia system
For the rate constant for the reaction of CO, with NH expression of Pinsent (2009) was utilized
the reaction constant is given by:

log,, K, = 11.13—@ (2-47)

c. Comparison of mass transfer coefficient in MEA with chilled ammoniasystem

Using (2-45), we have (2-48)

“LLMEA | K,,MEA®MEA
“L,NH, K,NHMEA°NH

Thus, the mass transfer coefficient in the chilled ammonia process is times lower than in the

MEA process.
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2.8.2 Inhibition of mass transfer by precipitation

The second issue with the ammonia absorbers is that of precipitation. Since there is significant
solid precipitation, it may not be appropriate to use a packed tower to avoid problems with the
clogging of packing. A design such as a spray tower may have to be employed. However, the
mass transfer obtained in spray towers is inherently poorer than in packed columns. Given the

lower intrinsic mass transfer mass coefficient in the ammonia.

Process as compared to the MEA process, this will pose a significant problem. Alternative
absorber designs that will allow sufficient mass transfer without being inhibited by solid
precipitation will need to be investigated.

2.9Wood and Sawdust Ash

Wood ash is the inorganic and organic residue remaining after combustion of wood or
unbleached wood fiber. The physical and chemical properties of wood ash vary significantly
depending on many factors. Hardwoods usually produce more ash than softwoods, and the bark
and leaves generally produce more ash than the inner woody parts of the tree (Hakkila, 1989).
On average, the burning of wood results in 6 to 10 percent ashes. When ash is produced in
industrial combustion systems, the temperature of combustion, cleanliness of the fuel wood, the
collection location, and the process can also have profound effects on the nature of the ash
material (Arends & Donkersloot-Shouq, 1985). Therefore, wood ash composition can vary
depending on geographical location and industrial processes. This makes testing the ash
extremely important.

Ash is composed of many major and minor elements which trees need for growth. Since most of
these elements are extracted from the soil and atmosphere during the tree’s growth, they are
common in our environment and are also essential in production of crops and forages.

Calcium is the most abundant element in wood ash and gives ash properties similar to
agricultural lime (Moller and Ingerslev, 2001). Ash is also a good source of potassium,
phosphorus, and magnesium. In terms of commercial fertilizer, average wood ash would be
about 0-1-3 (N-P-K)(Korpinen andFardim, 2006). In addition to these macro-nutrients, wood ash
is a good source of many micronutrients needed in trace amounts for adequate plant growth.
Wood ash contains few elements that pose environmental problems. Heavy metal concentrations

are typically low.
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Field and greenhouse research confirms the safety and practicality of recycling wood ash on
agricultural lands. Wood ash has a liming effect of between 8 and 90 percent of the total
neutralizing power of lime, and can increase plant growth up to 45 percent over traditional
limestone(Richmond, 1993). The major constraints to land application of wood ash are transpor-
tation costs, low fertilizer analysis, and handling constraints. With ever-increasing disposal costs,
land application of wood ash will probably be the disposal choice in the coming century as it
results in savings for the industry, an opportunity for agriculture and conservation of our

resources (Rikala and Jozefek, 1990).

Sawdust ash is an organic waste resulting from the mechanical milling or processing of timber
(wood) into various shapes and sizes. The dust is mostly used as domestic fuel. The resulting ash
is known as saw-dust ash (SDA). Dry sawdust concrete weighs only 30% as much as normal
weight concrete and its insulating properties approximate those of wood.

The quality of sawdust depends on the saw type, method of sawing, type of tree used, and the
storage method of logs including temperature, moisture and season (Isomaki, 1970; Rantasuo,
1976; Liiri, 1979). Thus, sawdust from different mills can be very heterogeneous raw materials.
The quality of sawdust is mainly dependent on the particle size of sawdust. The particle size of
sawdust is not uniform and the distribution is usually concentrated on the smallest size fractions
(Isotalo et al., 1964; Surewicz, 1974; Bublitz and Yang, 1975; Taylor,1977; Joshi et al., 1982;
MacLeod and Kingsland, 1990; Korpinen andFardim, 2006; Bergstrom et al., 2008). However,
there may be some difficulties comparing the different studies due to the different fractionation
processes. The fibre length is greatly affected by the particle size of the wood material. The
average length of softwood fibres is about 3 mm, whereas the average fibre length of softwood
sawdust is approximately 1.0-1.2mm (Isotalo et al., 1964; Uusvaara,1975; Arends and
Donkersloot-Shouq, 1985; Korpinen, 2002). The shortening of the fibre length is due to the
cutting that appears in sawing (Bausch and Hartler, 1960). Bark that exists in sawdust is harmful,
especially when sawdust is used in the production of Kraft pulp. Bark consumes cooking
chemicals, causes discolouring and impairs the quality of pulp. In addition, the cooking yield of

bark is low (Uusvaara, 1975).

It has been found that pine sawdust contained 0.4% bark in summer, 1.3%in winter and the
annual mean bark content was 0.7%. It has also been found that Nigeria spruce contained 0.5%

bark in summer, 2.7% in winter and the annual mean bark content of Nigeria spruce sawdust was
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1.3% (Uusvaara, 1975). Sawdust originates normally from older parts of the tree stem. Saw logs
typically represent a diameter exceeding 150 mm, as pulpwood logs have an acceptable diameter
of around 70 mm (Lukkari, 1998). Subsequently, sawdust may contain a larger proportion of
heartwood. Juvenile wood including heartwood compared to mature wood has shorter and
narrower cells, thinner cell walls, higher early wood/latewood ratio, lower cellulose content,
higher hemicellulose content, higher lignin content and higher extractives content (Mimms et al.,
1995; Parham, 1983; Zobel and Sprague, 1998).

2.10 Models and Modelling

According to Fredrick, model is a miniature representation of something, a pattern of something
to be made, an example for imitation, emulation, a description or analogy used to help visualize
something that may or may not be directly observed, a system of postulates, data and inferences
presented as a mathematical description of an entirety or state of affairs. While modelling is the
concise description of the total variation in one quantity by partitioning it into a deterministic
component given by a mathematical function of one or more other quantities plus a random
component that follows a particular probability distribution. It is therefore the mathematical
representation of physical systems.

a) Types of Models

Numerous models exist depending on their application. They include sequence and series
models, limit and continuity (i.e. finite and infinite), static and dynamic models, growth and
decay models, cycles and oscillation models, deterministic and probabilistic stochastic models,

and linear and nonlinear models.

b) Uses of Models

Models are used basically for estimation, prediction, calibration and optimization. Estimation is
to determine the value of the regression function that is associated with a specific combination of
prediction variable values which are the parameters. Prediction determines future values of the
response variables. It yields the variables (dependent and independent) using the parameter
values. Calibration allows for the quantitative conversion of measurements made on one of the
scale while optimization addresses the substitution of an output value for the response variable

and solving for the associated predictor variable values.

55



c) Stepsin Modelling

The basic steps for every model building are data collection, model development, model fitting
and model validation. Models are developed following some basic steps which provide universal
framework. Although details may vary from method to method, an understanding of the common
steps combined with underlying assumptions needed for the analysis is essential. In the model
development stage, plots of the data process knowledge and assumptions about the process are
used to determine the form of the model to be fitted to data. Using the develop model, an
appropriate model fitting method is used to estimate the unknown parameters in the model. The
model is now assessed to see if the assumptions are valid, the model can now be used to answer

scientific or engineering questions that prompted the model effort.

d)Properties of Models

Model development is based on fundamental physical and chemical laws. They are often
characterized by assumptions which are indispensable, provided they are made with sound
judgment since a model containing all parameters will be very complex. Furthermore,
mathematical consistency must be followed (with zero degree of freedom) for models to be
solvable and their verification is essential in order to ensure the workability.

e) Assumptions of Models

These are implicit assumptions in form of statements, based on properties inherent to the process
modeling methods. A particular model has its own specific assumptions but in general, typical
assumptions for process modeling are:

The process is physical, chemical or statistical in nature

The means of the random error are zero

The random errors have a constant standard deviation and follow a normal distribution

The data are randomly sampled from the process

The exemplary variables are observed without error.

f) Prediction using Models

Models serve as prediction tools in engineering application. In order to determine future values
of the dependent variables, fitted models with estimated parameters are used to compute
uncertainties by plugging the values of the prediction or independent variables. This gives the

idea of the future of the process in question with the assumption in place.
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g) Optimization using Models

It involves the substitution of an output value for the response variable and solving for the
associated predictor variable values. The model becomes a link between input and output.
Models for optimization require a cause and effect relationship between the predictor and the
response variable. Quadratic models are usually used for the calculus determination of maximum

and minimum for the applicable optimization decision.

h) Verification of Models

Verifying if a model fits a data is an exercise for effective modeling. Model validation is
probably the most important step in the model building sequence. Often, the validation of a
model is seen to consist of nothing more than quoting the statistics from the fit which measures
the fraction of total variability in the response that is accounted for by the mode. However, a
high value does not guarantee that the model fit the data well and the use of such model will

rather not generate answers to the underlying engineering questions.

i) Statistical Modelling

A statistical model is a class of mathematical model, which embodied a set of assumptions
concerning the generation of some sample data, and similar data from a larger population. A
statistical model represents often in considerably idealized form the data-generating process.

The assumption embodied by a statistical model describe a set of probability distribution, some
of which are assumed to adequately approximate the distribution from which a particular data set
is sampled. The probability distributions inherent in statistical models are what distinguishes

statistical models from other non-statistical, mathematical models.

A statistical model is usually specified by mathematical equations that relate one or more random
variables and possibly other non-random variables. As such, a statistical is “a formal

representation of a theory” (Adér, 2008).

2.11Theory for Prototype Equipment Design and Specifications
All process plants consist of various units which are compound in such manner that the desired
throughput is achieved in an efficient, safe and economic way.
Equipment used the chemical process industries can be classified as:
(a) Proprietary and
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(b) Non-propriety
The proprietary equipment are such as pumps, compressors, etc, which are usually designed and
manufactured by specialist firms. While the Non-proprietary equipment are designed and
manufactured by special, one-off, items for particular process; such as the prototype device
designed in this research, for the CO, absorption from flue gas of small generator set. The
chemical engineer is not normally involved in the detailed design of propriety equipment. Our
concern will be to select and/or specify the equipment needed for a particular duty (Sinnott,
2005).
However, the selection of any equipment required in process plant depends on certain
parameters like the temperature of the process, power requirement, pressure to be withstood and
the desired throughput.
Design data have been developed, giving sizes, operating conditions number and location of
opening, types of flaps and heads, codes variation allowances and other information which may
be necessary. Many of the machine design details was handled by the fabricator, even though
that we as chemical/process engineers supplied the very basic design information.
In this chapter, we have restricted our write-up to the design and/or specification of our plant
non-propriety equipment. The design calculations are reserved in the Appendix C, tabulated in

well-mannered design and specification sheets for each of the process equipment.

2.11.1 General Design Considerations

a. Design Temperature

The design temperature at which the design stress is evaluated is taken as the maximum
working temperature of the material of construction with due allowance for any uncertainty in

predicting vessels wall temperature.

b. Design Pressure

The design pressure could be regarded as the pressure which is use in the design of a pressure
containing system or any piece of equipment. Usually, the design pressure is chosen a little
higher than the operating pressure, as a general rule of thumb is to have the maximum expected

operating pressure to be 10-15% less than the design pressure.
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c. Design Stress
The design engineer ensures that the stress developed in a structure or equipment due to service
loads does not exceed the elastic limit. This limit is usually chosen by ensuring that stresses

remain within the limit through the uses of factors of safety.

d. Corrosion Allowances

Corrosion allowance is the tribute to corrosion damage paid by the design engineer to
compensate for the inevitable effects of corrosion on process equipment, especially those
exposed to the environment. For carbon and low alloy steels where severe corrosion is not
expected, a minimum allowance of 2.0mm is used, while where more severe conditions are

anticipate, this value may be increased to 4.0mm.

e. Minimum Practical Wall Thickness
Almost always, a minimum wall thickness is required to ensure that vessels are sufficiently

rigid to withstand their own height and/or any incidental loads.

2.11.2 Material Balances

Material balances are the single most important component of a process design. In any given
process of industrial importance, it is the overall material balance taken over the complete
process that determines the amount of raw material required for specified quantities of various
products in the process. Material balance is the basic tool for process and plant design in that it is
the overall material balances and balances over individual process units that determine the
process stream flow and their composition which are required for specification of the various
pieces of equipment used in the process.

Material balances are indispensible tools in the optimization and simulation of plant operation,
troubleshooting and in the location of plant performance against design data. They are equally
useful in the extrapolation of data obtained from plant instrumentation where such data are

insufficient, in monitoring of instrument performance and in the economic analysis.

a. Fundamentals of Material Balance Calculations

The fundamental law governing the material balance calculations is the principle of conservation
of mass which states that matter can neither be created nor be destroyed except for nuclear
reaction where it can be see that mass and energy are equivalence and so can take any of the

either form. The general conservation equation for any process system is given
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Material Out = Material In + Generation — Consumption - Accumulation
For a steady state process without reaction, the generation, consumption and accumulation terms
are zero so that the above equation becomes:
Material Out = Material In

In material balance calculations, the choice of the correct basis for the calculation often
determines whether the calculation proves to be simple or complex. The selection of correct
basis for calculations is usually enhanced by long experience. It may be more convenient to carry
out the material balance calculations in gmol/s or g/s while the results may be presented in kg/hr

or tonne/hr.

b. Solution to Material Balance Problems

There are several approaches to material calculations depending on the complexities of the
problem to be solved. The best way to solve a particular material balance problem depends
largely on the information provided, the information desired from the problem, and the
constraints that apply to the problem. Simple material balance calculations involving only a few
streams and with a few unknown can usually be solved by simple direct algebraic methods. In
this case, the relationship between the unknowns and the information provided can usually be
clearly identified. However, for more complex cases involving several processing steps or

several recycle, purge and by-pass stream, more complex algebraic methods are usually required.

c. Material Balances for Processes with Recycle Streams

The presence of recycle, purge and by-pass streams makes material balance calculations more
difficult. The more recycle streams there are, the more complex and difficult the material balance
calculations become. If no recycle streams are present, the material balance on a series of
processing steps can be carried out sequentially, taking each processing step one after the other.
The calculated flow rates out of one processing step become the feed flow rates to the next step.
If a recycle stream is present, then at a point where the recycle stream is returned to the process,
the flow rates of the recycle stream is unknown, as its value depends on downstream flow rate
which have not yet been calculated. Since the recycle flow rate is unknown, the sequence of
calculations cannot continue to the point where the flow rate of the recycle stream can be
determined.

There are basically two traditional approaches to material balance problems involving recycle

streams(Miller et al., 2002). These are the cut and Try method and the Formal Algebraic Method.
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In the former, the recycle stream flow rates are estimated and the calculations are continued until
the recycle flow rates are calculated. The estimated flow rates are then compared with the
calculated values and a better estimate of the recycle flow rates is made. In the latter however, a
set of material balance equations are set up with the recycle flow rates as unknowns and solved

simultaneously to determine the flow rates in each stream.

d. The Split Fraction Method

The split fraction method is one of the formal algebraic method is based on the realization that
the basic function of most chemical processing units (unit operations) is to divide the inlet flow
of a component between two or more outlet streams. It is therefore, possible, when setting up the
equations describing a unit operation to express the flow of any component in any outlet stream
as a function of the flow of that component in the inlet stream.

In fig 2.6, the block shown represents any unit in an information flow diagram and the whole
figure shows the nomenclature used in setting up the material balance equations in the split

fraction method:

Flows out to
other units

Flows from Total flow Unit Aik Qi
other unit

»
»

\ 4

Aik

Jik

Flows from
outside system

Fig 2.6: An information flow diagram showing the nomenclature used in setting up the

material balances

i = Unit number
Aik = Total flow of component k into unit i
ik = The fraction of the total flow of component k entering unit i that leaves in

the outlet stream from unit i and is connected to unit j; that is “the split
fraction co-efficient of component k that enters unit i and is connected to j.

Siok = any fresh feed of component k that goes into unit i.
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The value of the split fraction co-efficient depends on the nature of the unit and the inlet stream
composition. The outlet streams from a unit can feed forward to other units or backwards to
other units (recycle).

In this design, the split fraction method has been used to carry out the material balance
calculations. This method is chosen not only because of the presence of recycle stream but also
due to the numerous components and processing units involved. The advantage of this split
fraction method is that a set of n x n simultaneous linear material balance equations only need to
be solved for each component regardless of the complexities of the recycle streams present. See
Appendix A for the details of the material balance calculations for this process. The results of the

material balance are summarized section 3.4.

2.11.3Energy Balances

The Energy balance provides a detailed account of all the energy requirements of the process
equipment, and is based on the principle of conservation of energy. The principle states that
energy can neither be created nor destroyed but can be transformed from one form to another.
Also, energy can be transferred from one body to another.

The conservation of energy however differs from the mass in that energy can be generated (or
consumed) in a chemical process. Material can change form; new molecular specie can be
formed in a process unit and must be equal to the one out at steady state. The same is not true for
energy. The total enthalpy of the outlet stream will not be equal to that of the inlet stream if
energy is generated or consumed in the processes, such as that due to heat of reaction.

Energy can exist in various forms; head, mechanical, electrical energy, and it is the total energy
that is conserved. In plant operation, an energy balance on the plant will show the patterns of

energy usage and suggest area of conservation and saving.

a. Conservation of Energy

As in the case of material balance, a general equation can be written for energy balance;

Energy out — Energy in + Generation — Consumption = Accumulation

This is a statement of the first law of thermodynamics. An energy balance can be written for any
process step. Chemical reactions will evolve energy (exothermic) or consume energy
(endothermic). For steady state process usually, the accumulation of both mass and energy will

be zero.
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Energy Balance Assumptions

1. The process operation is at steady state

2. Heat losses are negligible, due to proper insulation (adequate lagging) of process

equipment, vessels and pipe networks.

3. Negligible effect of pressure on heat capacities.

4. Potential and kinetic Energy contributions are ignored.

b. Choice of Standard State

As in any proper thermodynamics analysis, accurate values can be determined relative to some
arbitrary chosen state. This is due to the fact that absolute values of the energy terms are not
easily obtainable. We will specify the temperature, state of aggregation, and pressure of the
substance at the standard state.

For the purpose of this design (as in the process analysis), our standard state is taken to be 298K
and latm, for all gaseous and liquid streams. And where phase changes, heats of phase change
will be considered. Also where stream pressures are not latm, the effect on its enthalpy of
changing its pressure to the standard state pressure of latm we must also put into consideration

unless where we have assumed that the effect of pressure on the enthalpy of the stream is

negligible.

Table 2.8: Heat Capacity Constants for the stream components

S/N | Components | A B C D E

1 CO; -8,304,300 | 104,370 | -433.33 | 0.60052 | -

2 H,O 276,370 -2,090.1 [ 8.125 | -0.01412 | 9.37x10°
3 O, 175,430 -6,152.3 | 113.92 | -0.92382 | 0.0027963
4 CO 65.429 28,723 | -847.39 |1,959.6 |-

5 NO -2,979.600 | 76,602 | -652.59 | 1.8879 | -

6 SO, 85,743 57443 | - - -

7 N, 281,970 -12,281 | 248 -2.2182 | 0.00749

Source: Chemical Engineers Handbook by Perry, 2007
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2.12 Summary of Literature Review

Many researchers are aiming to develop new solvent technologies to improve the efficiency of
the CO; capture.lmai(2003) is of the view that better and more advanced solvents for CO,capture
from flue gas will in the future be developed from biological sources, which is in line with the
essence of the investigation in this work, by comparing the capture performance of SDA leachate
with that of the conventionally used MEA for the purpose. While many related research works
have been reviewed extensively, none of the conventional solvents for carbon sequestration has
been found as ideal solvent, in terms of efficiency, cost effectiveness and energy involvement.
This is due to the fact that they are toxic, non - readily available and not even cheap as in the
case of the conventional monoethanolamine solution used as benchmark for this
research.Therefore, it is important to study other alternative solvent to achieving the capture.
Also in this work, sawdust ash leachate has been proposed as alternative solvent for CO, and CO

capture, and its effectiveness would be investigated in the course of this research.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Materials

3.1.1 Sample/Material Collection

Saw dust was gathered from a carpentry workshop within Umuagwo locality of Ohaji LGA of
Imo State. Also MEA stock solution was purchased from Head Bridge Market Onitsha.The
various components of the laboratory scale absorber column set up (including a laboratory glass
absorber with baffles, Kips apparatus base, glass tubes, retort stand, rubber corks) were also made
available for the sequestration experimental runs. A dosing pump, a diversion valve and a
generating set (Yamaha EF1000), were provided for the experimental runs.

3.1.2 Material Preparation

To produce saw dust ash of required particle size and quality, 2kg of saw dust sample was
weighed and dried in an electric oven at 130°Cfor 2 hours. The sample was later charred using a
low flame in a fume cupboard until it has ceased smoking. The charred sample which was in
crucibles were placed in a cold muffle oven (electric furnace) and the temperature was set at
550°C. The sample was treated for 12 hours at 550°C. After that, the muffle furnace was turned
off and allowed to cool to at about 150°C before it was opened. Safety tongs was used to transfer
the crucibles containing the sample to a desiccator with porcelain plate and desiccant. The
crucibles were covered and the desiccator was closed. The crucibles were allowed to cool prior
to weighing. Finally, the saw dust ash was screened through a mesh size of 0.1mm to obtain
particulates suitable for the ash leachate preparations.

The various concentrations (in g/L) of the ash leachates were then prepared by weighing required
quantities of the saw dust ash and dissolving same accordingly in predetermined volumes of
deionized water to obtain appropriate ash leachate concentrations, for the experimental runs.
Similarly, the MEA stock solution was diluted to obtain various concentrationsof the
sequestrant(similar to those of the ash solutions) for the CO, and CO capture experiments from
flue gas (exhaust) ofYamaha EF1000.
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3.1.3 Materials/Apparatus used for the sequestration experiments
a. Materials/Reagents
» Monoethanolamine stock solution
Saw dust ash
De-ionized water
Distilled water
0.1M NaOH Solution

Phenolphthalein indicator

YV V V VYV VY

b. Apparatus/Equipment

Laboratory scale absorber column set up

Dosing pump(Model: JM 15.77/4.2)

Yamaha(Model: EF1000)

Gas analyzer(Model:Ambro 2000)

Analytical balance (Model: Adventurer Pro A35, Make: OHAUS)
Electro-thermal Oven (Model: HG 9023A, Make: B.BRANC, scientific and instrumental
company, England)

Heating mantle (Model: ZDHW-250, Make: PEC Medical, USA)
Multi-Parameter Bench Photometer (Model: HI 83200, Make: Hanna)
Atomic Absorption Spectrophotometer (AAS)

YV V. V V V V

Muffle furnace

0.1mm size screening mesh
Desiccator

Ceramic pestle and mortar

Stop watch

pH meter

Retort stand

250ml and 500ml conical flasks
100ml, 250ml, 500ml and 1000ml beakers
Measuring cylinders

100ml volumetric flask

Pipettes

Test tubes

vV V.V V V V V V V VYV V V V V V V
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V V V V VY

Specific gravity bottle
Whatman filter papers
Glass funnel

Stirring rod

Spatula
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3.2Methods

3.2.1 Method for the Ash Compositional Analysis

a) Physical Parameters

i. pH

1SO:3025 Electrometric Method was used. The pH electrode used in the pH measurement was of
a combined glass electrode. It consists of sensing half-cell and reference half-cell, together form
an electrode system. The sensing half-cell is a thin pH sensitive semi permeable
membrane,separating two solutions, viz: the sample to be analyzed, and the internal
solution,enclosed inside the glass membrane and has a known pH value. An electrical potential is
developed inside and another electrical potential outside, the difference in the potential is
measured and is given as the pH of the sample. ThepH meter was switched on about 30 minutes
before the test. The buffer solutions of pH 4.0, 7.0 and 9.0 were prepared, and the pH meter
calibrated to 9.2 using the buffer and by adjusting the calibration knob. Again the pH meter was
calibrated to 7.0 using the buffer and by adjusting the calibration knob. Then the pH meter was
calibrated to 4.0 using the buffer and by adjusting the calibration knob. Finally the pH meter was
read by inserting the probe into the sample.

ii. Conductivity and Total Dissolved Solids

ISO: 3025 Electrometric Method was used. Conductivity was measured with a probe and a
meter. A voltage was applied between the two electrodes in the probe, and then in the immersed
in the sample water. The drop in voltage caused by the resistance of the water was used to
calculate the conductivity per centimeter. Conductivity (G), the inverse of resistivity (R), is
determined from the voltage and current values according to Ohms law. i.e. R=V/I, then
G=1/R=1/V. The meter converts the probe measurement to micro ohms per centimeter and
displays the result for the user.Theconductivity meter was switched on about 30 minutes before
the test. 0.1M potassium chloride was prepared, and the conductivity meter calibrated to
14.12o0hms using the standard 0.1M KCI by adjusting the calibration knob.The conductivity
meter was read by inserting the probe in the sample (uS/cm). After this, it was switch over to the
TDS mode and the reading taken and recorded in mg/I.

iii. Salinity

Salinity wasdetermined using the hand-held Refractometer, Model: E-Line Refractometer ‘ATC
Range’, Order Code 44-803, Range 0 - 32°Brix ATC, Scale Division 0.2. The refractometer was

calibrated with distilled water. Twodrops of sample was left on the refractive surface of the
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refractometer. The sample was covered and the refractive index read off, which has been scaled

as salinity values, (Marine pollution monitoring manual, 2009).

vi. Moisture Content

A clean and dry crucible was weighed to 0.01g as W;. 10g of saw dust ash was weighed and
transferred into the pre-weighed crucible, and the crucible and content reweighed to 0.01g as W..
Then the crucible and content was placed in the oven and dried to constant weight between 105
°C and 110 °C.The crucible and content was thereafter removed from the oven and placed in a

desiccator to cool. Finally, the crucible and content was weighed to 0.01g Ws.

W2-w3
W3-W1

Calculation: Moisture Content (%) = x 100 (3-1)

(AOAC, 2016).

b) Particulate Analysis

i. Bulk Density

10g of sawdust ash was weighed out with a weighting balance. It was then completely
transferred into a 50ml measuring cylinder filled with distilled water. The volume of the distilled
water displaced was recorded, and the bulk density was calculated by dividing the mass of the

sawdust ash by the volume of water displaced.

Bulk Density (BD) - mass of saw dust ash (3_2)

volume of water displaced
ii. Pore Volume and Porosity

5¢g of sawdust ash (sample) was weighed and transferred into a 10ml measuring cylinder in order
to determine the total volume of the particles. The sawdust ash was further transferred into a
beaker containing 20ml of distilled water, and was boiled for 5 minutes to displace air in the
sample. The content in this beaker was filtered, superficially dried, and weighed. The increase in
weight of the sawdust ash was recorded, and divided by the density of water to obtain the pore

volume of the saw dust ash.

Pore VVolume (PV) =increase in mass of saw dust ash (3_3)

density of water

Porosity was calculated by dividing the pore/void volume of the particles with the total volume

of the particles.

Porosity (§) _volume of void (3-4)

Total volume
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¢) Mineral Content Analysis

i. Nitrate/Nitrate-nitrogen

Nitrates react with phenol disulphonic acid and produce a nitrate derivative, which in alkaline
solution develops yellow colour due to rearrangement of its structure. The colour produced is
directly proportional to the concentration of nitrates present in the sample. The photometer was
switched on, and the program for nitrate was selected at a wavelength of 525 nm. Theprepared
sample was poured into two separate 10ml cuvettes to the mark.One of the sample cuvette was
used to zero the photometer. One sachet of nitrate reagent (H183200) was added to the second
cuvette and was inserted into the cell compartment.After a reaction time of 4 minutes 30
seconds, the READ button was pressed to display the result in mg/l NO3". (AOAC, 2016).

ii. Phosphate/Phosphorus

The photometer was put on, and the program for phosphate was selected at a wavelength of 525
nm.The prepared sample was poured into two separate cuvettes to the 10ml mark. One of the
samples (blank) was used to zero the photometer.10 drops of molybdate reagent and one packet
of HI193717B, was added to the second cuvette. The lid of the cuvette was closed and shaken
vigorously to dissolve the reagent.The first sample (blank) was replaced with the reacted sample
cell in the light shield and timed for 5 minutes.The READ button was pressed at the end of the
countdown time to display the result in mg/I PO,>. (AOAC, 2016).

iii. Sulphate

Sulphate is precipitated in hydrochloric acid medium as barium sulphate by the addition of
barium chloride solution: BaCl, + SO4+ 2CI°

The barium sulphate is insoluble and because of this, it can be washed with water until chloride
free and then dried to constant weight. Interference: Small quantities of Fe (Il) iron, Mg, and Al
may be tolerated. But Fe (IlI) iron and Ca may exert an adverse effect on the precipitation.
However, they can removed by passing them through caution removing ion — exchange column.
The photometer was put on and the wavelength selected at 466 nm. 10ml of prepared sample was
poured into 2 separate cuvettes, and one of the samples (blank) was used to zero the photometer.
One packet of barium chloride reagent was added to the second sample cuvette. The first cuvette

was then replaced with the second reacted sample cell cuvette and timed for 5 minute.The READ
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button was pressed at the end of the countdown time to display the reading in mg/l SO*
4.(AOAC, 2016).

Determination of metals

5¢g of the ash sample was dissolved in a 250ml conical flask, and about 60ml of 0.1M HCI was
added and the solution filtered through a filter paper into a 100ml volumetric flask. It was then
made up to mark with distilled-deionized water. The sample was then analyzed using flame
photometer for Na, K, Ca and Mg. While for Fe, Cu, Pb, Mn, and Cr were analyzed using AAS
(Atomic Absorption Spectrophotometer).

Flame Photometric Method for Metal Determination

iv. Sodium

The flame photometer was placed in a place where there are no direct rays of sunlight or constant
light emitted by an overhead fixture and free from dust and tobacco smoke. It was ensured that
sweats, traces of soap or detergent etc which are known to contain Na were not allowed into
water sample whose sodium was desired.Blank and sodium calibration standard were prepared in
steps in the 0 — 10mg/l application range, starting with the highest concentration and then
working towards the most dilute solution. The emission on the photometer was measured at
589nm, and the calibration curves constructed from the standards. The samples were run on the
photometer at 589nm and the readings noted.

Calculation: Na (mg/l) is calculated as given by the equation below,

_ concentration reading on curve x D (dilution factor )

mg/l cation =

volume (ml)of sample

_ vol.ume (ml)of sample +volume (ml)of distilled water added

(3-5)

volume (ml)of sample

D was taken as 1, as there was no dilution.

v. Potassium

Stock potassium solution: KCI crystal was dried at 110°C to constant weight in an oven. 1.907g
accurately weighed and diluted to 1 liter with distilled water (Iml = 1mg K).Intermediate
potassium solution: 10ml of stock potassium solution was diluted to 100ml with distilled water
(Iml = 0.1mg = 100ug Na). This solution was used for preparing the calibration curve in the
potassium range of 1.0 to 10mg/l.Standard potassium solution: 10ml of the intermediate

potassium solution was obtained and diluted it to 100ml with distilled water. This gives 1ml =
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10pug Na. This was used to prepare calibration curve in thepotassiumrange of 0.1 to 1.0mg/I.
Similar procedure was carried out as in the case of sodium above.

Calculation: K (mg/l) is calculated as given by the equation 3.5.

Principles of Atomic Absorption Spectrophotometer

Working principles: Atomic absorption spectrometer’s working principles is based on the
sample being aspirated into flame and atomized when the AAS’s light beam is directed through
the flame into monochromator, and onto the detector that measures the amount of light absorbed
by the atomized element in the flame. Since metals have their own characteristic absorption
wave length a source lamp composed of that element is used, making the method relatively free
from spectral or radiational interferences. The amount of energy of the characteristic wavelength
absorbed in the flame is proportional to the concentration of the element in the sample.

vi. lron

5.0503 g of IRON (11) ammonium sulphate was dissolved in distilled water and madeup to 1
litre. (1 ml=1 mg Fe).

vii. Copper

3.9296 g of copper sulphate pental hydrate was weighed and dissolved in some distilled water
and made up to 1 litre (1 ml=1 mg Cu).

viii. Lead

1.5985 g of lead in nitrate was dissolved with distilled water and made up to 1 litre (1 ml =1 mg
Pb).

iX. Chromium

2.8285 g of anhydrous potassium dichromate was dissolved in distilled water and made up to 1
litre (1 ml=mg Cr).

X. Zinc

100 g of 30 mesh zinc metals was dissolved in slightly excess (1+1) HCI (about 1 ml) and was
diluted to 1 liter with distilled water (1 ml = 1 mg Zn). (AOAC, 2016).

3.2.2 Method for the Sequestration Experiments

a) CO,/CO sequestration with SDA Leachate and MEA Solution

Seventeen (17) sets of SDA leachate and MEA solutionrespectively, were prepared to
concentrations of 1.25, 11.88 and 22.50g/L, depending on the run concentration as suggested by
the 3-level experimental design. The prepared sequestrants weremade available for the
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absorption/sequestration experiments. The experimental glass absorber was mounted on a table,
and the gas and liquid inlets and outlets were connected appropriately.The dosing pump (for the
sequestrant/absorber liquid transport) was then connected accordingly and the equipment
connected to a power source and set to the required % stroke value (depending on the flow rate
of the experimental run to be carried out), for the required optimal flow.A generating set
(Yamaha EF1000) was put on, and after about two minutes the exhaust gas was analyzed for the
COjzand CO composition, then the flue gas exhaust was connected through to the absorber
column gas inlet pipe. After this, the dosing pump was switched on for the sequestrant/absorber
liquid circulation through the column, and in a counter current flow with that of the entry flue
gas. This CO, and CO absorption process was monitored for a period of 5 - 10 minutes
(depending on the experimental run performed), after which the gas analyzer,Ambro 2000 was
used to check both the CO,and CO composition of the exiting gas (lean gas) from the column.
As the absorber exit gas was analyzed, exit absorber liquid (rich liquid) sample was collected and
CO; test carried out on it using a classical method of the liquid titration with NaOH solution and
phenolphthalein as indicator, as a means of confirming dissolution of the gas in the circulated

absorber liquid (sequestrant).

For the classical evaluation of the dissolved CO in the sequestrant, it is understood to follow the
reaction mechanism described below as proposed by the Hack Kit Method.

Equation of Reaction: CO; (ag) + NaOH(ag) > NaHCO3q) (3-6)
(Hach Kit Method)

In the end, experimental results were carefully recorded and other required parameters calculated

as required, and accordingly.

b) Determination of CO, and CO in flue gas

The Gas Analyzer (Model: Ambro 2000) was put on and allowed to boot for about five minutes,
after which the equipment was set on the program for the parameter to be tested (programs for
COqand CO respectively), and the equipment gas sensor brought to the gas exit point of the
absorber set up, in order to detect the COand CO composition of the flue gas. Also the CO,and
CO composition of the flue gas coming out directly from the generating set (YYamaha EF1000)

exhaust was determined and recorded.
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However, for the SDA leachates and MEA solutions respectively, the reduction in the CO,
contents of the flue gas exiting the absorber column and the enrichment of the absorber liquid

were both monitored, results found useful in understanding the phenomenon, and discussed.
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liquid outlet
Plate 3.1: The Experimental set-up (Pictorial) Fig 3.1: Block flow diagram of absorber

c) Proposed reaction mechanisms and Kinetics for the SDA Leachate with CO,

In order to provide improved theoretical understanding of the kinetics of the dissolution of CO,
in water and the subsequent chemical reactions, and to offer systematic approximations that may
be exploited in multi-scale modelling tools, Mitchell et al.(2010) simplified the complex kinetic
modelling of these key reactions, by using the method of matched asymptotic expansions to
identify the distinct time scales over which the reactions take place and to provide simple
expressions for the resulting dynamic and equilibrium concentrations. It is on the basis of the
understanding of the compositions of the saw dust ash leachate that the following reaction

mechanisms are postulated:
COy(g) « CO0,(aq) (3-7)
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COz(aCI) + H20 A H2C03 (3'8)

H,CO; < H'*+ HCO3 (3-9)
HCO3 & HT™ + C03% (3-10)
Ca** + CO0%~ & CaC05(aq) (3-11)

In reaction (3-7), gaseous carbon dioxide is dissolved in water, reacting to form carbonic acid (3-
8). Hydrogen ions dissociate from the carbonic acid, to give bicarbonate (3-9), and then a
carbonate ion (3-10), which then reacts with acalciumcationtoformcalciumcarbonate(3-11).

d) Determination of Experimental Rate Law for the Carbon Sequestration

The experimental rate law for the carbon capture with SDA leachate was determined using
excerpts of the original phenomenal experimental runs.

Rate = k[CO,(aq)]*[H207”

Experimental Rate Law: Rate = k[CO,]*[H,0] (3-27)
(See Appendix C for detailed calculations)

e) Determination of Overall Rate Constant (Second Order Rate Constant, k;) and Mass
Transfer Coefficient

The overall rate constant k was determined by substituting values from the result excerpts of the
carbon capture with SDA leachate (table C1).

Choosing values for Trial 7, which represents an average of the three trials (or experimental
serial numbers), and/or a mid-representative of the entire experimental trial runs, the overall rate
constant (second order rate constant) and mass transfer co-efficient were obtained as:

k= ko= 0.53M"min™

The mass transfer coefficient was determined by substituting appropriate values into egn (2-45):
KL = V(k2[Cs]Dcop)

Where,

KL is mass transfer coefficient (cms™)

kois the second order reaction rate constant = 0.53M™min™ = 8.83 x 10° M's™

Csis the optimal concentration of the solvent (sequestrant) = 22.5g/L = 1.25M

Dcozis the diffusivity of CO,in mineralized water = 1.88 x 10 cm?s™

Hence, the mass transfer coefficient was obtained as:

K. =4.56 x 10cms™
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3.3 Optimization

3.3.1 Modeling and Optimization of the CO, and CO capture process

The Design Expert Software was used in the Regression Statistical Analysis of the results for the
wood ash and MEA absorption processes. The experimental data were gathered in the required
format for the statistical study, and the collated data were used in the analysis to generate the
necessary statistical parameters useful in the statistical model development and optimization.
Also, the software was employed in the surface response plots of the experimental data which

served as visual aid in the judgment for the data variability and optimization values.

3.3.2 Process Variables

The process variables (X) used for the computer analysis are as follows:
X1 = Concentration of SDA leachate or MEA solution (g/L)

X, = Sequestration time(mins)

X3 = Flow rate of sequestrant (cm*/min)

3.3.3 Response Variables

The response variables () for the computer analysis are:
Y1 = CO, composition of exit flue gas (%)

Y, = CO composition of exit flue gas (%)

3.3.4 Optimum Process Conditions

For ‘CO, composition of exit flue gas (%)’ as response variable; the optimum process conditions
are theXj, Xz, X3 values that yield the optimum (minimum) Y value.

While, for ‘CO composition of exit flue gas (%)’ as response variables; the optimum process

conditions are the X3, X,, X3 values that yield the optimum (minimum) Y value.
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3.3.5 Experimental Design

Table 3.1: Experimental design code and boundary/limit for the factors (Independent variables)

Boundary
S/N | Variable Code (X) | Lower Upper
1 Concentration of SDA/MEA solution (g/L) | X1 1.25 22.5
2 Sequestration time (mins) X2 5 10
3 Flow rate of sequestrant (cm®min) X3 200 250

Table 3.2: Experimental design code for the responses (Dependent variables)

S/N | Variable Code (Y)
1 CO, composition of exit flue gas (%) Y1
2 CO composition of exit flue gas (%) Y,
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Table 3.3: Experimental design matrix (codes showing three factors and three levels; Box

Behnken design)

S/N | Run Block X1 (g/L) | Xz (mins) | Xz(cm*/min) | Y1 (%) Y2 (%0)
1 16 (1) -1.000 -1.000 0.000
2 12 (1) 1.000 -1.000 0.000
3 2 (1) -1.000 1.000 0.000
4 6 1) 1.000 1.000 0.000
5 4 1) -1.000 0.000 -1.000
6 1 (1) 1.000 0.000 -1.000
7 17 (1) -1.000 0.000 1.000
8 10 1) 22.50 0.000 1.000
9 5 1) 0.000 -1.000 -1.000
10 |15 (1) 0.000 1.000 -1.000
11 |14 (1) 0.000 -1.000 1.000
12 9 1) 0.000 1.000 1.000
13 7 1) 0.000 0.000 0.000
14 |3 (1) 0.000 0.000 0.000
15 |8 (1) 0.000 0.000 0.000
16 13 1) 0.000 0.000 0.000
17 11 1) 0.000 0.000 0.000
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Table 3.4: Experimental design matrix (with actual values; Box Behnken design for three factors

and three levels)

S/N | Run Block X1 (g/L) | Xz(mins) | Xa(cm*min) | Y1 (%) Y2 (%)
1 16 Block1 |1.25 5.00 225.00
2 12 Block 1 | 22.50 5.00 225.00
3 2 Block1 | 1.25 10.00 225.00
4 6 Block 1 |22.50 10.00 225.00
5 4 Block1 |1.25 7.50 200.00
6 1 Block 1 | 22.50 7.50 200.00
7 17 Block1 |1.25 7.50 250.00
8 10 Block 1 |22.50 7.50 250.00
9 5 Block 1 |11.88 5.00 200.00
10 |15 Block 1 |11.88 10.00 200.00
11 |14 Block 1 |11.88 5.00 250.00
12 9 Block 1 |11.88 10.00 250.00
13 7 Block 1 |11.88 7.50 225.00
14 3 Block1 |11.88 7.50 225.00
15 8 Block1 |11.88 7.50 225.00
16 13 Block 1 |11.88 7.50 225.00
17 11 Block1 |11.88 7.50 225.00
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CHAPTER FOUR

RESULTS ANDDISCUSSION

4.1 Results for the Sawdust Ash Compositional Analysis

The results for the characterization of the saw dust ash/leachate are presented herein in Tables
4.1-4.3.

4.1.1 Characterization of the Sawdust Ash/Leachate

Table 4.1: Result for the physical parameters of SDA

Average

S/N | Parameter Trial 1 Trial 2 Trial 3 Trial 4 Value

1 pH 10.12 10.14 10.17 10.18 10.15

2 Conductivity, pus/cm 1920 1900 1960 1880 1915

Total Dissolved Solids,

3 mg/l 1248 1234 1274 1222 1245

4 Salinity, mg/I 115.20 82.29 65.83 98.75 90.52

5 Total organic matter, % | 99.24 99.17 99.17 99.19 99.19

6 Moisture content, % 50.362 51.080 50.792 50.934 50.792

7 Ash content, % 75.5 82.9 83.3 81.0 80.7

In Table 4.1, the compositional analysis of the saw dust ash/leachate used for the absorption

experiments has revealed that the physical parameters analyzed produced results which agree

with works of Huang et al. (1992) and Ohno, 1992 as expected for effectiveness for the purpose

of capturing CO, which is a weak acid. The leachate is seen to be alkaline in nature, with a very

high conductivity value of 1915us/cm on the average. The total dissolved solids produced a

high result as expected and the salinity was also high. The saw dust ash had a total organic
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matter content of over 99% with moisture content of about 50% which indicates its ability to

corrode absorber device.

In line with the alkaline result obtained for the SDA, Huang et al. (1992) asserted wood ash as a soil
addictive and liming agent.Ohno (1992) noted that acidity of soil can be neutralized by addition of
wood ash, and phosphorus and potassium nutrients could be augmented by the application
equally.

Table 4.2: Result for the particulate analysis of SDA

Average
S/N | Parameter Trial 1 Trial 2 Trial 3 Trial 4 Value

1 | Bulk density, g/em® |0.10018 | 0.10014  |0.10018  |0.10019 | 0.10017

2 Pore volume, cm? 0.3476 0.3468 0.3477 0.3469 0.3472

3 Porosity 0.01738 0.01734 0.01740 0.01740 0.01738

For the particulate analysis, from Table 4.2, the bulk density is seen to be as low as 0.1g/cm®
with pore volume of approximately 0.35cm® and porosity value of 0.017.These properties
indicate good absorptive capacity of the leachate.Someshwar (1996) established that depending
on the method with which sawdust ash is obtained, it is usually found to have a bulk density of
+0.1 and porosity almost as low as 0.02, which is perfectly in line with what has been obtained in
the sawdust ash sample analysis. The corroboration of the obtained results with established

literature shows that the prepared ash possess the ability necessary for the sequestration of CO..
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Table 4.3: Result for the mineralcontent analysis of SDA

Average

S/N | Parameter Trial 1 Trial 2 Trial 3 Trial 4 Value

1 Chloride, mg/kg CI" | 63.77 45.55 36.44 54.66 50.105

2 Nitrate, mg/kg NO'3 | 10.60 21.71 15.60 12.00 14.98
Nitrate-nitrogen,

3 mg/kg NO'3-N 2.40 4.90 3.60 2.70 3.40
Phosphate, mg/kg

4 PO,* 2.30 1.90 1.30 1.50 1.75
Phosphorus, mg/kg

5 P 0.70 0.60 0.40 0.50 0.55
Sulphate, mg/kg

6 SO4* 5.00 5.00 5.00 5.00 5.00

7 Sodium, mg/kg Na 5.05 5.10 5.15 6.00 5.33

8 Potassium, ppm K 3.00 3.10 3.30 4.20 3.40

9 Calcium, mg/kg Ca | 484.97 432.86 476.95 501.00 473.95
Magnesium, mg/kg

10 | Mg 44.506 48.883 44.749 41.344 44.871

11 | Iron, mg/kg Fe 0.20 0.22 0.14 0.17 0.18

12 | Copper, mg/l Cu 3.62 3.22 3.81 3.29 3.49

13 | Lead, mg/l Pb 0.132 0.086 0.100 0.626 0.236
Manganese, mg/l

14 | Mn 0.50 0.40 0.80 0.30 0.50

15 | Chromium, mg/l Cr | 0.041 0.026 0.030 0.036 0.033

16 | Zinc, mg/l Zn 28.68 28.54 27.91 28.04 28.29
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As seen in Table 4.3, the mineral content analysis showed good content for chloride and nitrate,
and low contents as obtained for the phosphates and sulphate values. Among the light metals,
calcium was found to be more available in the saw dust ash with value of over 400mg/l. The
heavy metals as expected are in trace amounts (Ruhling, 1996), except for zinc which was as
high as 28mg/l. Most of the parameter values obtained in the SDA characterization are found to
be about similar values as outlined by Etiegni and Mahler (1991).

However, Misra and Baker (1993) noted wood ash composition to be a function of the furnace
temperature during the processing. It therefore indicates that for the furnace ash processing
temperature used, these values obtained could be slightly varied depending on the ashing

(furnace) temperature used.
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4.2 Results for CO, and CO Sequestration using SDA Leachate and MEA
Table 4.4: Result for CO; and CO Sequestration using SDA Leachate as Absorber Liquid
(Sequestrant)

S/N | Run X1(g/L) | X2 (mins) | Xs(cm*/min) | Y1 (%) Y, (%)
1 16 1.25 5.00 225.00 33.35 6.48
2 12 2250 | 5.00 225.00 29.99 5.72
3 2 1.25 10.00 225.00 26.81 4.83
4 6 2250 | 10.00 225.00 25.80 4.89
5 4 1.25 7.50 200.00 26.20 5.15
6 1 2250 | 7.50 200.00 21.40 4.88
7 17 1.25 7.50 250.00 23.80 5.00
8 10 2250 | 7.50 250.00 21.05 4.47
9 5 11.875 | 5.00 200.00 34.92 6.78
10 |15 11.875 | 10.00 200.00 19.01 3.64
11 |14 11.875 | 5.00 250.00 23.02 4.92
12 |9 11.875 | 10.00 250.00 25.36 5.06
13 |7 11.875 | 7.50 225.00 28.40 5.68
14 |3 11.875 | 7.50 225.00 28.00 5.60
15 |8 11.875 | 7.50 225.00 28.80 5.70
16 |13 11.875 | 7.50 225.00 30.50 6.01
17 |11 11.875 | 7.50 225.00 28.40 5.69
Where,

X1 = Concentration of SDA leachate (g/L)
X, = Sequestration time (mins)

X3 = Flow rate of sequestrant (cm*/min)
Y1 = CO, composition of exit flue gas (%)

Y, = CO composition of exit flue gas (%)
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Table 4.5: Result for CO, and CO Sequestration using MEA Solution as Absorber Liquid

(Sequestrant)

S/N | Run X1 (g/L) | Xz (mins) | Xa(cm*min) | Y1 (%) Y, (%)
1 16 1.25 5.00 225.00 23.56 5.67
2 12 22.50 5.00 225.00 19.26 4.16
3 2 1.25 10.00 225.00 28.31 6.12
4 6 22.50 10.00 225.00 19.77 5.07
5 4 1.25 7.50 200.00 217.22 5.98
6 1 22.50 7.50 200.00 20.61 4.90
7 17 1.25 7.50 250.00 29.79 6.52
8 10 22.50 7.50 250.00 21.35 5.04
9 5 11.875 5.00 200.00 23.25 5.73
10 15 11.875 10.00 200.00 24.54 5.83
11 14 11.875 5.00 250.00 24.28 5.59
12 9 11.875 10.00 250.00 29.38 6.75
13 7 11.875 7.50 225.00 21.60 4.48
14 3 11.875 7.50 225.00 22.01 451
15 8 11.875 7.50 225.00 21.80 4.58
16 13 11.875 7.50 225.00 22.01 4.59
17 11 11.875 7.50 225.00 19.99 4.48
Where,

X1 = Concentration of MEA solution (g/L)
X, = Sequestration time (mins)

X3 = Flow rate of sequestrant (cm*/min)
Y1 = CO, composition of exit flue gas (%)

Y, = CO composition of exit flue gas (%)
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In the result tables for the experimental runs (Tables 4.4 and 4.5) for the SDA leachate and MEA
solutions, absorber liquid/sequestrant concentrations within the range of 1.25¢/L and 22.50g/L
were used. This was due to the ash dissolution difficulty encountered in preparing SDA leachate
concentrations above 22.5g/L, and below 1.25g/L concentration no clear change in the dissolved
CO;, concentration of the absorber liquid.

Again for the preliminary runs set up, after some initial trials have been carried out, the optimal
sequestrant flow rate were found to be within the range of 200cm*/min to 250cm®min, for the
successful operation of the laboratory scale glass absorber without flooding. The pump settings
at which the aforementionedoptimal liquid flow were established were 30%, 40% and 50%
strokes, which were subsequently adopted in the design of experiments.

Box Behnken design for three factors and three levels was used in the design of experiments (for
both SDA leachate and MEA solution) for the laboratory experimental runs, producing seventeen
(17) runs. The factors (independent variables; X;, X, and X3) weretaken to be the concentration
of sequestrant (g/L), Sequestration time (mins) and flow rate of sequestrant (cm*/min)
respectively,while the responses (Y1 and Y3) were taken to be the CO, and CO compositions of
the exiting flue gas from the absorber column, respectively. For the factors (with box bekhen
design), experimental design data points of 1.25, 11.88 and 22.50g/L were used for the
concentration of the sequestrants, data points of 5, 7.5 and 10mins for the sequestration time, and
for the flow rate of sequestrants, 220cm®/min, 225cm*/min and 250cm*/min were used.

The CO, compositions of the flue gas from the absorber column (when SDA leachate was used
as sequestrant) were found to be within the values of 19.01% and 34.92%, and between values of
3.64% and 6.78% for CO compositions. When MEA solution was used as sequestrant, CO,
compositions of the flue gas from the absorber column had values between 19.26% and 29.79%,
and the CO compositions with values between 4.16% and 6.75. However, the CO, and CO
compositions of the flue gas exiting directly from the generating set (Yamaha EF1000) were
measured by the Ambro2000 Gas Analyzer to be 41% and 8.2% respectively. According to Gale
(2002), domestic power generating sets could form part of the well-known potential CO,
emission sources from which it is a possibility to capture and store carbon. Gielen and Moriguchi
(2003) reiterated that absorption (or scrubbing) remains one of the effective approaches to
carbon capture from flue gases of both large and medium scale industrial plants.

From the results, the effects of each of the factors were better understood when statistical
analysis were done based on the results with which statistical models were developed and
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response surface methodology carried out for the purpose of optimizing the capture process
conditions under investigation in this work. The respective discussions are outlined in the
subsequent section 4.3 that follows.

Imai(2003) is of the view that better and more advanced solvents for CO,capture from flue gas
will in the future be developed from biological sources, which is in line with the essence of the
investigation in this work, by comparing the capture performance of SDA leachate with that of
the conventionally used MEA for the purpose.

Mimuraet al.(1995) showed immense concern through their research on energy saving
technology for flue gas carbon dioxide recovery and steam system in power plant. Their effort
was geared towards minimizing the energy requirement for the capture process which happens to
be a major advantage of the quest for this work.

Moser et al. (2009) worked on enabling post combustion captureoptimization with the pilot plant
project at Niederaussem. Even though they used conventional liquid for capture, their
optimization approach involved setting out process factors and performing the capture at the
various defined factor combinations, which is an analogue of what has been done in this work.
Rao and Rubin (2002) after working ona technical, economic and environmental assessment of
amine-based CO, capture technology for power plant greenhouse gas control, agree to the fact
that the exercise with the chemical based liquid even though technically effective and
environmental assessment commendable, the economics of the process remains a factor of
concern. This present quest to ascertain the replaceability of conventional chemical liquids with
locally (prepared) sourced alternatives seeks to address that.
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4.3 Results for the Statistical Analysis, Modelling and Optimization
4.3.1 SDA Leachate — ‘CO; and CO Composition of Exit Flue Gas’ as Response

Table 4.6: Results of Experimental Runs recoded for SDA Leachate

Factor 1 Factor 2 Factor 3 Response 1 Response 2
B:
A: Conc. of Sequestratio (C: Flowrate of |CO, composition|CO composition
Std |Run |SDA Leachate |ntime sequestrant  |of exit flue gas  |of exit flue gas
cubic cm per
g/L Mins min % %
1 5 1.25 5 225 33.35 6.48
2 2 1.25 10 225 26.81 4.83
3 6 22.5 5 225 29.99 5.72
4 9 22.5 10 225 25.80 4.89
5 3 11.875 5 200 34.92 6.78
6 17 |11.875 10 200 19.01 3.64
7 4 11.875 5 250 23.02 4.92
8 12 |11.875 10 250 25.36 5.06
9 1 1.25 7.5 200 26.20 5.15
10 8 22.5 7.5 200 21.40 4.88
11 7 1.25 7.5 250 23.80 5.00
12 16 225 7.5 250 21.05 4.47
13 15 |11.875 7.5 225 28.40 5.68
14 13 |11.875 7.5 225 28.00 5.60
15 10 |11.875 7.5 225 28.80 5.70
16 11 |11.875 7.5 225 30.50 6.01
17 14 |11.875 7.5 225 28.40 5.69

On the response columns of table 4.6, the responses obtained from the different experimental

runs carried out by combining the three variables in a unique manner for each of the runs are
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tabulated. It is seen that the three experimental variable interactions gave a total of 12distinct
runs and 5 centre points. The responses obtained from various runs are however significantly

exceptional implying that each of the factors have a substantial effect on the response, as

observed from the results.

Table 4.7: Fit Summary Table (SDA Leachate)

Sequential Lack of Fit |[Adjusted Predicted
Source  |p-value p-value R-Squared R-Squared
Linear 0.1306 0.0047 0.1903 -0.2942
2F| 0.1044 0.0074 0.4155 -0.5318
Quadratic|0.0002 0.4384 0.9446 0.8020 Suggested
Cubic 0.4384 0.9474 Aliased
Table 4.8: Lack of Fit Test (SDA Leachate)

Sum of Mean F p-value
Source Squares [Df Square Value Prob > F
Linear 188.78 9 20.98 21.8 0.0047
2F| 103.11 6 17.18 17.86 0.0074
Quadratic (3.25 3 1.08 1.13 0.4384 Suggested
Cubic 0 0 Aliased
Pure Error (3.85 4 0.96
Table 4.9:Model Summary Statistics (SDA Leachate)

Std. Adjusted |Predicted
Source Dev. R-Squared |R-Squared |[R-Squared |PRESS
Linear 3.85 0.3421 0.1903 -0.2942 378.93
2FI 3.27 0.6347 0.4155 -0.5318 448.52
Quadratic |1.01 0.9758 0.9446 0.8020 57.99 Suggested
Cubic 0.98 0.9869 0.9474 + Aliased
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DF = degree of freedom
CV = Coefficient of variance

PRESS = Predicted residual sum of squares

ANOVA Analysis and Model Fitting

The F-value tests performed using analysis of variance (ANOVA),were useful in evaluating the
significance of each type of model. Based on the results of F-value, the highest order model with
significant terms showing the relationship between parameters well and normally werechosen.
Again, the adequacy of the models was evaluated by applying the lack-of-fit test. The lack-of-fit
test is used in the numerator in an F-test of the null hypothesis, and it indicates whether a
proposed model fits well or not. The test for lack-of-fit compares the variation around the model
with pure variation within replicated observations. The lack-of-fit test measured the adequacy of
the different models based on response surface analysis (Lee et al., 2006). In Table 4.8, it is
observedthere was a significant difference (F-value = 188.78and 103.11) lack of fit for Linear
and 2FI models. However, the test was not significant (F-value = 3.25 and 0.00) for quadratic
and cubic models respectively. The significant results of lack of fit for linear and 2FImodels have
shown that these models are not adequate for predicting the CO, composition of the exit flue
gas.Moreso, apart from the F-value and the lack of fit, it is also seen that the R-squared, adjusted
R-squared and the predicted R-squared values for the quadratic model produced high values of
0.9758, 0.9446, 0.8020 respectively when compared to those for the other models ( linear, 2FI
and cubic) as found in table 4.9. The measure of how efficient the variability in the actual
response values can normally be explained by the experimental variables and their interactions
which is given by the R-Squared value. It is established statistically that the closer the R* value is
to unity, the better the model predicts the response. Adjusted-R%on the other hand is a measure of
the amount of variation around the mean explained by the model, adjusted for the number of
terms in the model. Further, the adjusted-Rdecreases as the number of terms in the model
increases, if those additional terms do not add value to the model. Predicted-R? is a measure of
the amount of variation in new data explained by the model. The predicted-R? and the adjusted-
R? should be within 0.20 of each other, otherwise there may be a problem with either the data or
the model, (Taran and Aghaie, 2015).
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Based on these results, the effect of each parameter was evaluated using quadratic model as
shown in Table 4.10.

Table 4.10: ANOVA for Response Surface Quadratic model(SDA Leachate)

Sum of Mean |F p-value
Source Squares |Df Square (Value |Prob>F
Model 285.7 9 31.74 |31.31 [<0.0001 [significant
A-Conc. of SDA
leachate 73.8 1 73.8 72.79  |<0.0001
B-Sequetration
time 17.78 1 17.78 17.53 0.0041
C-Flowrate of
sequestrant 8.6 1 8.6 8.48 0.0226
AB 1.38 1 1.38 1.36 0.2814
AC 83.24 1 83.24 82.11 |<0.0001
BC 1.05 1 1.05 1.04 0.3426
A 7.31 1 731 721 |0.0313
B? 5.57 1 5.57 5.49 0.0516
Cc’ 87.47 |1 87.47 [86.28  |<0.0001
Residual 7.1 7 1.01

not

Lack of Fit 3.25 3 1.08 1.13 0.4384 [significant
Pure Error 3.85 4 0.96
Cor Total 292.79 |16

It is seen from table 4.10 that the Model F-value of 31.3limplies the model is significant, and
there is onlya 0.01% chance that an F-value this large could occur due to noise.It has been
established that values of "Prob > F" less than 0.0500 indicate model terms are significant.In this
case A, B, C, AC, A% C? are significant model terms.Values greater than 0.1000 indicatethe
model terms are not significant.However, if there are many insignificant model terms (not

counting those required to support hierarchy),model reduction may improve our model.
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The "Lack of Fit F-value" of 1.13 implies the Lack of Fit is not significant relative to the
pureerror. There is only a 43.84% chance that a "Lack of Fit F-value" this large could occur
dueto noise. Non-significant lack of fit is good because we want the model to fit.Further, the
insignificant model terms could be eliminated to improve the model efficiency. Using backward
elimination model with alpha to exit term equal to 0.100, the insignificant model terms were
eliminated from the ANOVA terms.

After removing the insignificant model terms, the reduced quadratic model was obtained as

shown on Table 4.11.

Table 4.11: ANOVA for Reduced Response Surface Quadratic model(SDA Leachate)

Sum of Mean F p-value
Source Squares |Df Square [Value |Prob>F
Model 283.27 |7 40.47 38.23  |<0.0001 |significant
A-Conc. of SDA
leachate 73.8 1 73.8 69.71 |<0.0001
B-Sequestration
time 17.78 1 17.78 16.79  (0.0027
C-Flowrate of
sequestrant 8.6 1 8.6 8.12 0.0191
AB 83.24 1 83.24 78.63  [<0.0001
AC 7.31 1 7.31 6.9 0.0275
A 5.57 1 5.57 526  |0.0476
c? 87.47 1 87.47 82.62 [<0.0001
Residual 9.53 9 1.06

not

Lack of Fit 5.68 5 1.14 1.18 0.4486  [significant
Pure Error 3.85 4 0.96
Cor Total 292.79 16
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Std. Dev. 1.03 R-Squared 0.9675
Mean 26.75 Adj R-Squared 0.9422
CV.% 3.85 Pred R-Squared 0.8611
PRESS 40.66 Adeq Precision 21.533
-2 Log Likelihood (38.4 BIC 61.07
AlCc 72.4

The Model is significant with an F-value of 38.23. And there is onlya 0.01% chance that an F-
value this large could occur due to noise.Values of "Prob > F" less than 0.0500 indicate model
terms are significant.In this case A, B, C, AB, AC, A%, C? are all significant model terms.Values
greater than 0.1000 indicate the model terms are not significant.If there are many insignificant
model terms (not counting those required to support hierarchy),model reduction may improve the

model.

The "Lack of Fit F-value" of 1.18 implies the Lack of Fit is not significant relative to the
pureerror. There is a 44.86% chance that a "Lack of Fit F-value" this large could occur dueto

noise. While non-significant lack of fit is good because it means the model would fit.

The F-values of the independent variables (sequestrantconcentration,sequestration time, flow rate
of sequestrant) were estimated as 69.71, 16.79, and8.12 respectively, showing that the single
effects ofthe independent variablesare significantly high on the response (CO, composition of the
exit flue gas stream). The CV called coefficient of variation which is defined as the ratio of the
standard deviation of estimate to the mean value of the observed response is independent of the
unit. It is also a measure of reproducibility and repeatability of the models (Chen et al., 2010;
Chen et al., 2011). The calculations indicated the CV value of 3.85% which illustrated that the
model can be considered reasonably reproducible (because its CV was not greater than 10%),
(Chen et al.,, 2011). The signal to noise ratio which is given as the value of the adequacy
precision is 21.533. This indicates that an adequate relationship of signal to noise ratio exists and
model can be used to navigate the design space.
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The selected models in terms of the coded and actual values are given in the equations 4.1 and
4.2.

CO, = 28.82 —3.0374 — 1.490B — 1.036C + 4.5618AC + 1.317A? — 1.149B% — 4.557(C?
(4.1)

CO =5.729 — 0.6854 — 0.187B — 0.125C + 0.2054B + 0.820AC — 0.241B% — 0.621C?
4.2)

The equation in terms of coded factors can be used to make predictions about the response
forgiven levels of each factor. By default, the high levels of the factors are coded as +1 and
thelow levels of the factors are coded as -1. The coded equation is useful for identifying

therelative impact of the factors by comparing the factor coefficients.
In terms of Actual values, the model terms are given by equations 4.3 and 4.4;

€O, = —186.667 — 20.79888"A + 0.10158"B + 2.69274°C + 0.07299A4°C +
0.21075*A% — 0.010184*B2? — 7.29E3 "2 4.3)

CO = —18.68163 — 3.31765*A — 0.024761*B + 0.34395*C + 0.00772A*B +
0.013124*C — 0.00214*B? — 0.000994*C? (4.4)

The equation in terms of actual factors can be used to make predictions about the response for
given levels of each factor. Here, the levels are specified in the original units for each factor.
This equation should not be used to determine the relative impact of each factor because the
coefficients are scaled to accommodate the units of each factor and the intercept is not at the
centre of the design space.

The response values obtained by inserting the independent values are the predicted values of the
model. These values are compared to the actual and experimental values. The result of this

comparison is shown in the figures 4.1 and 4.2.
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Figure4.1: Linear correlation between predicted vs. actual values for effect of

CO;, reduction using SDA leachate
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Figure4.2: Linear correlation between predicted vs. actual values foreffect of
CO reduction using SDA leachate

From Figures 4.1 and 4.2, it can be seen that the actual values were relatively distributed near to
the predicted value lineshowing that there is a good correlation between the actual values and the
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predicted values. This observation shows that thecentral composite design (CCD) is well fitted
for the developed model and can be used to perform the optimisation for the process.

3D surface and interaction plots

In order to visualize the relationship between the experimental variables and the response, and to
study individual and interaction effects of the three factors consisting of the SDA leachate
concentration, sequestration time, and flowrate of sequestrant, response surfaces and interaction
plots were generated from the quadratic model, as shown in figures 4.3 — 4.8. These figures
illustrate the response of different experimental variables and can be used to identify the major
interactions between the variables.

Design-Expert® Software
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Figure4.3: Surface Response Plot (SDA Leachate) — Using Sequestration time (B, mins)and
Flow Rate of Sequestrant (C, cubic cm) as Factors, with ‘CO, Composition of Exit Flue Gas’ as

Response
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Figures4.3 to 4.8 show the 3D plot and its corresponding interactions for the effects of SDA
leachateconcentration on composition ofCO, and CO in the exit flue gas stream. The graphs
show that the least recorded value for CO,and CO in the exit streams occur between 16.8g/L and
11.6g/L SDA Leachate concentration, which is in accordance with the model. As the SDA
leachate concentration is increased from 8.3g/L to 15.4g/L, the amount of CO, in the exit stream
steadily decreases from 21.68% to 20.26% as seen in figure 4.5. This is similar to the report of
several researchers (Moser et al., 2009) who agree that increase in sequestrant concentration
results in decrease in CO, and CO composition of the exit flue gas stream. A similar trend was
observed in the measurement of CO in the exit flue gas stream as seen figure 4.8.

It is evident that the SDA Leachate concentration has a significant effect on the response.
Increasing the SDA Leachate concentration beyond 18.5¢/L at all levels of sequestration time
results in the increase of CO, and CO composition of the exit flue gas stream. As expected, the
CO; and CO levels decreased linearly with increase in sequestration time (figures 4.4 and 4.7).
This effect is independent of the SDA Leachate concentration as seen on the 3D plots of
figures4.3 and 4.6.
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Figure 4.9: 2D contour plot for the effect of sequestrant flowrate and conc. of SDA leachate on

CO,composition of exit flue gas

The effect of sequestrant flowrate and sequestration time on the CO,composition of exit
flue gas is shown on the 2D contour plot of fig. 4.9.

This process was carried out at sequestration time of 7.5 minutes. The lowest
CO,composition of the exit flue gas is found to be 24% at SDA flowrate of 223cubic
centimeters per minute and 22.5g/L SDA concentration. Between 225 - 250 cm*/min
sequestrant flowrate, at all values of SDA leachate concentration, the flue gas CO,
composition decreased steadily as seen on isolines of the 2D contour plot. The decrease
in CO,composition of the exit flue gas is associated with its consequent dissolution in the
SDA leachate and the subsequent affinity for the calcium ions in the leachate. At higher
values of sequestrant flowrate (230 cm®min - 250 cm®min), the flue gas CO,

composition decreased steadily from 26 - 22% at 7.5g/L SDA leachate concentration.
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This decrease can be attributed to the improved interaction of the dissolved CO, with the

ions in leachate, due to increased flow.

Pactor Goding: Actcal CO composition of exit flue gas (%)
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Figure 4.10: 2D contour plot for the effect of sequestrant flowrate and conc. of SDA leachate on

CO composition of exit flue gas

The effect of sequestrant flowrate and sequestration time on the CO composition of exit
flue gas is shown on the 2D contour plot of fig. 4.10.

The sequestration was carried out at sequestration time of 7.5 minutes. The exit flue gas
CO compsition is seen to decrease steadily with increasing sequestrant flowrate from 200
- 225 cm*/min, where the lowest value of 3.6% CO is recorded. Beyond 225 cm*/min, the
amount of CO captured in the exit stream begins to increase steadily with increasing
sequestrant flowrate. This trend is observed for all values of SDA leachate
concentrations. However, the lowest value of 3.6% for CO composition of exit flue gas

was recorded at sequestration time of 22.5g/L and 225 cm®/min flowrate. It is good to
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note that the decrease in the composition of exit flue gas with corresponding decrease in
flowrate is as a result of an enhanced interaction created which further enhances the

capture process.

Optimisation
The tables 4.12 and 4.13 outline the contraints and solutions for the optimisation results of the

sequestration with SDA leachate.

Table 4.12: Optimisation Contraints Values for Factors and Responses

Lower |Upper |Lower |Upper

Name Goal Limit Limit |Weight (Weight {Importance
A: Conc. of SDA
leahate is in range |1.25 22.5 1 1 3

B:Sequetration
time Is in range |5 10 1 1 3

C:Flowrate of

sequestrant is in range |200 250 1 1 3

CO; composition
of exit flue gas  |minimize (19.01 3492 1 1 3

CO composition
of exit flue gas |minimize (3.64 6.78 1 1 3
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Table 4.13: Optimisation Solutions Values for Factors and Responses

CO; CoO
composition jcomposition
Conc. of SDASequetration|Flowrate ofjof exit fluejof exit flue
Number (leahate time sequestrant [gas gas Desirability
1 21.795 9.997 200.278 16.768 3.557 1 Selected
2 19.694 9.997 200.022 17.315 3.614 1
3 22.180 9.929 201.046 17.148 3.634
4 19.444 9.989 200.198 17.493 3.639 1
5 22.346 9.929 201.159 17.143 3.635 1
6 20.427 9.973 200.195 17.225 3.616 1
7 21.130 9.959 200.479 17.166 3.619 1
8 20.640 9.950 200.269 17.239 3.626 1

From table 4.13, the obtained and selected optimum values for the sequestration with SDA
leachate have CO, and CO composition of exit flue gas values of 16.768% and 3.557% as optima
(i.e minima) respectively, at sequestrant concentration of 21.795g/L, sequestration time of
9.997mins and sequestrant flow rate of 200.278cm®min respectively.
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4.3.2 MEA Solution — ‘CO; and CO Composition of Exit Flue Gas’ as Response

Table 4.14: Results of Experimental Runs recoded for MEA Solution

Factor 1 Factor 2 Factor 3 Response 1 Response 2
B:
A: Conc. of [Sequestration |C: Flowrate of |CO, composition|CO composition
Std |Run |[MEAsoln  [time sequestrant  |of exit flue gas  |of exit flue gas
cubic cm per
g/L Mins min % %
1 9 1.25 5 225 23.56 5.67
2 2 22.5 5 225 19.26 4.16
3 5 1.25 10 225 28.31 6.12
4 1 22.5 10 225 19.77 5.07
5 3 1.25 7.5 200 27.22 5.98
6 14 225 7.5 200 20.61 4.90
7 15 [1.25 7.5 250 29.79 6.52
8 4 22.5 7.5 250 21.35 5.04
9 8 11.875 5 200 23.25 5.73
10 |16 |11.875 10 200 24.54 5.83
11 7 11.875 5 250 24.28 5.59
12 17 |11.875 10 250 29.38 6.75
13 10 |11.875 7.5 225 21.60 4.48
14 6 11.875 7.5 225 22.01 4.51
15 13 |11.875 7.5 225 21.80 4.58
16 11 |11.875 7.5 225 22.01 4.59
17 12 11.875 7.5 225 19.99 4.48

The responses obtained from different experimental runs carried out by combinations of the three

variables unique to each of the runs are tabulated on the response columns of table4.14. The

three experimental variable interactions gave a total of 12distinct runs and 5 centre points. The
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responses obtained from various runs are significantly exceptional which implies that each of the

factors have substantial effect on the response.
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Table 4.15: Fit Summary Table (MEA Solution)

Sequential Lack of Fit |[Adjusted Predicted
Source  |p-value p-value R-Squared R-Squared
Linear 0.0013 0.0291 0.6177 0.4691
2F| 0.6107 0.0208 0.5823 0.1543
Quadratic|0.0006 0.5855 0.9434 0.8347 Suggested
Cubic 0.5855 0.936
Table 4.16:Lack of Fit Test (MEA Solution)

Sum of Mean F p-value
Source Squares |Df Square Value Prob > F
Linear 53.33 9 5.93 8.18 0.0291
2F| 44.36 6 7.39 10.2 0.0208
Quadratic [1.59 3 0.53 0.73 0.5855 Suggested
Cubic 0 0
Pure Error 2.9 4 0.72
Table 4.17:Model Summary Statistics (MEA Solution)

Std. Adjusted  |Predicted
Source Dev. R-Squared |R-Squared |R-Squared |PRESS
Linear 2.08 0.6894 0.6177 0.4691 96.12
2FI 2.17 0.739 0.5823 0.1543 153.11
Quadratic (0.8 0.9752 0.9434 0.8347 29.93 Suggested
Cubic 0.85 0.984 0.936 +

DF = degree of freedom

CV = Coefficient of variance

PRESS = Predicted residual sum of squares
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ANOVA Analysis and Model Fitting

The F-value tests were performed using analysis of variance (ANOVA) to calculate the
significance of each type of model. Based on the results of F-value, the highest order model with
significant terms which shows the relationship between parameters well and normally would be
chosen.

The adequacy of the models was evaluated by applying the lack-of-fit test. This test is used in the
numerator in an F-test of the null hypothesis and indicates that a proposed model fits well or not.
The test for lack-of-fit compares the variation around the model with pure variation within
replicated observations. This test measured the adequacy of the different models based on
response surface analysis (Lee et al., 2006). As shown in Table 4.16there was a significant
difference (F-value = 53.33 and 44.36) lack of fit for Linear and 2FI models. However, the test
was not significant (F-value = 1.59 and 0.000) for quadratic and cubic models respectively. The
significant results of lack of fit for linear and 2FImodels showed that these models are not
adequate for predicting the CO, composition of the exit gas.Apart from the F-value and the lack
of fit, the R-squared, adjusted R-squared and the predicted R-squared values for the quadratic
model produced a high value of 0.9752, 0.9434, 0.8347 respectively when compared to other
models (2FI, linear, and cubic) as shown on table 4.17. The measure of how efficient the
variability in the actual response values can be explained by the experimental variables and their
interactions is given by the R-Squared value. The closer the R? value is to unity, the better the
model predicts the response. Adjusted-R? is a measure of the amount of variation around the
mean explained by the model, adjusted for the number of terms in the model. The adjusted-
R2decreases as the number of terms in the model increases, if those additional terms don't add
value to the model. Predicted-R? is a measure of the amount of variation in new data explained
by the model. The predicted-R? and the adjusted-R? should be within 0.20 of each other.
Otherwise there may be a problem with either the data or the model, (Taran and Aghaie, 2015).

Based on these results, the effect of each parameter was evaluated using quadratic model as
shown in Table 4.18.
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Table 4.18: ANOVA for Response Surface Quadratic model(MEA Solution)

Sum of Mean |F p-value
Source Squares |Df Square (Value |Prob>F
Model 17655 9 19.62 30.61 |<0.0001 [significant
A-Conc. of
MEA soln 16.96 1 16.96 26.46  |0.0013
B-Sequestration
time 97.3 1 97.3 151.83 |<0.0001
C-Flowrate of
sequestrant 10.55 1 10.55 |16.47 |0.0048
AB 4.51 1 4.51 7.03 0.0329
AC 3.63 1 3.63 5.67 0.0489
BC 0.83 1 0.83 1.29 0.2928
A’ 3.65 1 3.65 5.7 0.0484
B 0.42 1 0.42  |0.65  |0.4468
c? 36.6 1 36.6 57.11  |0.0001
Residual 4.49 7 0.64

not

Lack of Fit 1.59 3 0.53 0.73 0.5855 |significant
Pure Error 2.9 4 0.72
Cor Total 181.04 |16

From the table 4.18, it could be seen that the Model F-value of 30.61 implies the model is
significant. There is onlya 0.01% chance that an F-value this large could occur due to
noise.Values of "Prob > F" less than 0.0500 indicate model terms are significant.In this case A,
B, C, AB, AC, A% C?are significant model terms.Values greater than 0.1000 indicate the model

terms are not significant.If there are many insignificant model terms (not counting those required

to support hierarchy),model reduction may improve your model.
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The "Lack of Fit F-value" of 0.73 implies the Lack of Fit is not significant relative to the
pureerror. There is a 58.55% chance that a "Lack of Fit F-value" this large could occur dueto
noise. Non-significant lack of fit is good because we want the model to fit.The insignificant
model terms could be eliminated to improve the model efficiency. Using backward elimination
model with alpha to exit term equal to 0.100, the insignificant model terms were eliminated from
the ANOVA terms.

After removing the insignificant model terms, the reduced quadratic model was obtained as
shown in Table 4.19.

Table 4.19: ANOVA for Reduced Response Surface Quadratic model(MEA Solution)

Sum of Mean F p-value
Source Squares |Df Square [Value |Prob>F
Model 17531 |7 25.04 39.33 [<0.0001 |significant
A-Conc. of MEA
solution 16.96 1 16.96 26.63  |0.0006
B-Sequetration
time 97.3 1 97.3 152.8 [<0.0001
C-Flowrate of
sequestrant 10.55 1 10.55 16.57  |0.0028
AB 4.51 1 4.51 7.08 0.026
AC 3.63 1 3.63 5.7 0.0407
A 3.79 1 3.79 596  |0.0373
c? 37.12 1 37.12 58.28 [<0.0001
Residual 5.73 9 0.64

not

Lack of Fit 2.83 5 0.57 0.78 0.6111  [significant
Pure Error 2.9 4 0.72
Cor Total 181.04 |16
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Std. Dev. 0.8 R-Squared 0.9683
Mean 23.46 Adj R-Squared 0.9437
CV.% 3.4 Pred R-Squared 0.8877
PRESS 20.33 Adeq Precision 19.245
-2 Log Likelihood [29.76 BIC 52.43
AlCc 63.76

The Model F-value of 39.33 implies the model is significant. There is onlya 0.01% chance that
an F-value this large could occur due to noise.Values of "Prob > F" less than 0.0500 indicate
model terms are significant.In this case A, B, C, AB, AC, A% C? are significant model
terms.Values greater than 0.1000 indicate the model terms are not significant.If there are many
insignificant model terms (not counting those required to support hierarchy),model reduction

may improve your model.

The "Lack of Fit F-value" of 0.78 implies the Lack of Fit is not significant relative to the
pureerror. There is a 61.11% chance that a "Lack of Fit F-value" this large could occur dueto

noise. Non-significant lack of fit is good because it means the model would fit.

The F-value of the independent variables (sequestrantconcentration,sequestration time, flow rate
of sequestrant) was estimated as 26.63, 152.80, and16.57 respectively, showing that the single
effects ofthe independent variablesare significantly high on the response (CO, composition of the
exit flue gas stream). The CV called coefficient of variation which is defined as the ratio of the
standard deviation of estimate to the mean value of the observed response is independent of the
unit. It is also a measure of reproducibility and repeatability of the models (Chen et al., 2010;
Chen et al., 2011). The calculations indicated the CV value of 3.4% which illustrated that the
model can be considered reasonably reproducible (because its CV was not greater than 10%)
(Chen et al., 2011). The signal to noise ratio which is given as the value of the adequacy
precision is 19.245. This indicates that an adequate relationship of signal to noise ratio exists and
model can be used to navigate the design space.

The selected models in terms of the coded and actual values are given in the equations 4.5 and
4.6:
C0, = 21.61 + 1.46A — 3.49B + 1.15C — 1.064B + 0.95AC + 0.954% + 2.96C* (4.5)

CO = 4.528 + 0.32754 — 0.64B + 0.1825C + 0.1154B + 0.265AC — 0.100BC +
0.546A% + 0.181B% + 0.901C? (4.6)
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The equation in terms of coded factors can be used to make predictions about the response
forgiven levels of each factor. By default, the high levels of the factors are coded as +1 and
thelow levels of the factors are coded as -1. The coded equation is useful for identifying

therelative impact of the factors by comparing the factor coefficients.

In terms of Actual values, the model terms are given by;
CO, = 281.66 — 4.65"A — 0.0285"B — 2.2031"C + 0.6484"B + 0.01524A"C +

0.1517*A% + 0.00474*C? 4.7)
CO = 87.27409 — 2.184812*A — 0.04608"B — 0.66875*C + 0.004329A4*B +
0.00424A*C — 0.000376B*C + 0.08736*A% + 0.001603*B? + 0.001442*C? (4.8)

The equation in terms of actual factors can be used to make predictions about the response for
given levels of each factor. Here, the levels have been specified in the original units for each
factor. This equation should not be used to determine the relative impact of each factor because
the coefficients are scaled to accommodate the units of each factor and the intercept is not at the
centre of the design space.

The response values obtained by inserting the independent values are the predicted values of the
model. These values are compared to the actual and experimental values. The result of this

comparison is shown in the figures 4.11 and 4.12.
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Figure4.11: Linear correlation between predicted vs. actual values for effect of
CO; reduction using MEA solution
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7.00 —
(=]
6.50 — =
o

6.00 — o
= =
< / I:I|:F'
= 5.50 —
[<B)
g
[am

5.00 —| o

o
4.50 — =0 =]
(]
4.00 —
| | | | | | |
4.00 4.50 5.00 5.50 6.00 6.50 7.00
Actual

Figure4.12: Linear correlation between predicted vs. actual values foreffect of
CO reduction using MEA solution

As it can be seen in Figures 4.11 and 4.12, the actual values were distributed relatively near to
the predicted value line, showing that there is a good correlation between the actual and the
predicted values. This observation shows that thecentral composite design (CCD) is well fitted

into the model and thus can be used to perform the optimisation operation for the process.

3D surface and interaction plots

In order to visualize the relationship between the experimental variables and the response, and to
study individual and interaction effects of the three factors consisting of the MEA conc.,
sequetration time, and flowrate of sequestrant. Response surfaces and interaction plots were
generated from the quadratic model, as shown in figures 4.13 — 4.18. These figures illustrate the
response of different experimental variables and can be used to identify the major interactions

between the variables.
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Figure 4.16: Surface Response Plot (MEA Solution) — Using Concentration of MEA Solution (A,
g/L) and Sequestration time (B, mins) as Factors, with ‘CO Composition of Exit Flue Gas’ as

Response
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Figures4.13 to 4.18again show the 3D plot and its corresponding interactions for the effects of
MEA concentration on composition ofCO, and CO in the exit flue gas stream. The graphs show
that the least recorded value for COzand CO in the exit streams occur between 16.3g/L and
11.8g/L MEA concentration, which is in accordance with the model. As the MEA concentration
is increased from 9.1g/L to 15.6g/L, the amount of CO; in the exit stream steadily decreases
from 22.40% to 20.73% as seen in figure 4.15. This is similar to the report of several researchers
(Moser et al., 2009) who agree that increase in MEA solution concentration results in decrease in
CO; and CO composition of the exit flue gas stream. A similar trend was observed in the
measurement of CO in the exit flue gas stream as seen figure 4.18.

It is evident that the MEA concentration has a significant effect on the response. Increasing the
MEA concentration beyond 19.1g/L at all levels of sequestration time results in the increase of
CO; and CO composition of the exit flue gas stream. As expected, the CO, and CO levels
decreased linearly with increase in sequestration time (figures 4.14 and 4.17). This effect is
independent of the MEA solution concentration as seen on the 3D plots of figures4.13 and 4.16.

Pactor Coding: Actl CO2 composition of exit flue gas (%)
CO2 composition of exit flue gas (%) 250
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B: Conc. of MEA soln (g/L)

Figure 4.19: 2D contour plot for the effect of sequestrant flowrate and conc. of MEA solution on

CO; composition of exit flue gas
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The effect of MEA flowrate and sequestration time on the composition of CO,0f exit flue gas is
shown on the 2D contour plot of fig. 4.19.

The process was carried out at sequestration time of 7.5 mins. The least CO,composition of exit
flue gas is found to be 18% at flowrate of 220 cubic centimeters per minute and 20g/L
sequestrant concentration. Between 200 - 220 cm3/min flowrate, at all values of MEA
concentration, the CO, composition decreased steadily as seen on isolines of the 2D contour plot.
The decrease in CO,composition of exit flue gas is associated with the the great affinity of the
dissolved CO,with the sequestrant. At higher values of flowrate (230cm®min - 250cm*/min), the
CO; composition increased steadily from 22 - 26% at 7.5 g/L MEA concentration. This increase
can be attributed to insufficient interaction as a result of high turbulence due to increased flow
rate.
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Figure 4.20: 2D contour plot for the effect of sequestrant flowrate and conc. of MEA solution on

CO composition of exit flue gas
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The effect of sequestrant flowrate and concentration of MEA on the CO composition of exit flue
gas is shown on the 2D contour plot of fig. 4.20.

This process was carried out at sequestration time of 7.5 minutes. The least CO composition
ofthe exit flue gas stream is found to be 3% at flowrate of 220 cubic centimeters per minute and
21g/LMEA concentration. Between 200 - 222cm®min flowrate, at all values of MEA
concentration, the CO composition decreased steadily as seen on isolines of the 2D contour plot.
At higher values of flowrate (225cm*/min - 250cm®min) the CO composition increased steadily
from 3.0 - 4.5% at 7.5 g/L MEA concentration. This increase can also be attributed to same

reason as aforementioned in the case of CO..

Optimisation
Tables 4.20 and 4.21 outline the contraints and solutions for the optimisation results of the

sequestration with MEA solution.

Table 4.20: Optimisation Contraints Values for Factors and Responses

Lower |Upper |Lower |Upper

Name Goal Limit Limit |Weight (Weight {Importance
A: Conc. of
MEA solution |is in range |1.25 22.5 1 1 3

B:Sequetration
time Isin range |5 10 1 1 3

C:Flowrate of

sequestrant is in range |200 250 1 1 3

CO, composition
of exit flue gas |minimize |19.2642 |29.7937 |1 1 3

CO composition
of exit flue gas  [minimize 4.16 6.75 1 1 3
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Table 4.21: Optimisation Solutions Values for Factors and Responses

CO; CoO
composition jcomposition
Conc. ofiSequestratio |Flowrate ofljof exit fluejof exit flue
Number MEA n time sequestrant [gas gas Desirability
1 20.044 5.666 223.721 18.959 4.139 1 Selected
2 21.101 6.521 223.848 18.493 4.027 1
3 21.615 6.319 222.546 18.361 4.023
4 18.958 6.500 221.667 19.092 4.122 1
5 20.17 6.638 216.988 18.830 4.148 1
6 21.615 6.319 227.454 18.498 4.016 1
7 22.146 5.417 229.167 18.685 4.095 1
8 21.709 5.267 223.415 18.713 4.152 1
9 20.028 6.834 218.681 18.798 4.120 1
10 21.069 7.262 222.064 18.470 4.078 1

Table 4.21 showsthe obtained and selected optimum values for the sequestration with MEA
solution have CO, and CO composition of exit flue gas values of 18.959% and 4.139% as optima
(i.e minima) respectively, at sequestrant concentration of 20.044g/L, sequestration time of

5.666mins and sequestrant flow rate of 223.848cm®min respectively.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion
There was more decrease in the CO, and CO composition of the flue gas during carbon
sequestration with SDA leachate as compared to the MEA solution. The characterization showed

that calcium ion was responsible for the sequestration due to its affinity for CO,

Increasing the sequestrant concentration led to reduction in the CO, and CO compositions of the
flue gas. However, concentration increase beyond 22.5g/L for SDA leachate proved impossible
due to saw dust ash dissolution difficulty encountered in the process.

CO; and CO levels decreased linearly with increase in sequestration time while at higher values
of sequestrant flowrate (230 cm®min - 250 cm®min), the flue gas CO, composition decreased
steadily from 26 - 22% at 7.5g/L SDA leachate concentration. This decrease could be attributed
to the improved interaction of the dissolved CO, with the ions in leachate, due to increased flow.

The optimization result showed about 8% reduction of flue gas better achieved by SDA leachate
over conventional MEA under same working conditions. Central composite design was

successfully used to model the carbon capture.

5.2 Recommendations

The following recommendations are put forward:

(1) More research should be geared towards regeneration of CO, from the CO, enriched
leachate.

(2) Corrosion effect of use of SDA leachate as sequestrant in the absorber device can be worked

upon in future work.

5.3 Contribution to knowledge

Findings from this research have added to existing knowledge in the following areas:

1)  This research has establishedthat SDA leachate possess essential mineral that favors carbon
sequestration. Equally, this has shown that SDA leachate is better than the conventional
MEA for purpose of carbon sequestration.
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2)

3)

4)

The reaction mechanism of SDA with carbon dioxide was postulated and the Kinetics
obtained, which agreed with the experimentally determined rate law.

Models were also obtained for predicting carbon sequestration from flue gas. These models
based on the operating conditions of the sequestration process can be used to predict the
optimal conditions of the sequestration process.

A prototype absorber device was designed and fabricated.
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APPENDIX A

MATERIAL BALANCE CALCULATIONS FOR THE PROTOTYPE
ABSORBER DESIGN

Table Al: Flue gas Components Compositions, Densities and Molecular Weights

MOLECULAR
DENSITY
S/N COMPONENT COMPOSITION 3 WEIGHT
(Kg/m)
(kg/mol)

1 CO, 12.6% 1.84 44

2 H,O 6.2% 1000 18

3 0, 4.3% 1.33 32

4 CO S50ppm 1.17 28

5 NO 420ppm 1.23 30

6 S0, 420ppm 2.28 64

7 N, 7% 1.17 28
Feed Stock Rate Basis = 20m°/hr

Volumetric Flow Rates of Feed Flue Gas Components
= 2.52m%/hr
= 1.24m%/hr
= 0.86m%hr
= 0.002m*/hr

COgy:
H.0:
O3:
CO:
NO:
SOs:
Ny:

Mass Flow Rates of Feed Flue Gas Components (m*hr x kg/m?)

COgy:
H.0:
(07X
CO:
NO:

0.126 x20
0.062 x 20
0.043 x 20

50 x 10°°x 20
420 x 10°°x 20=
420 x 10°x 20=
0.77 x 20

2.52x 1.84
1.24x 1000
0.86x 1.33
0.001x 1.17
0.0084x 1.23

0.0084m3/hr
0.0084m3/hr

= 15.40m3/hr

= 4.637 kg/
1,240 kg/

hr
hr

1.1438 kg/hr
0.00117 kg/hr
0.01033 kg/hr

129




SO,:  0.0084x 2.28 0.01915 kg/hr
Np:  15.40x 1.17 = 18.018 kg/hr

Molar Flow Rates (kg/hr by MW)
4.637

COgy: Ve = 0.1054 kgmol/hr
H,0: - = 68.89 kgmol/hr

Oy: —= = 0.0357 kgmol/hr

CO: e = 0.00004179 kgmol/hr
NO: T = 0.000344 kgmol/hr
SO;: L = 0.00030 kgmol/hr
N,: oo = 0.6435 kgmol/hr
Total = 69.6753 kgmol/hr

130



(1) (2)

S, m

S, Ss

Fig Al: Block Flow Diagram of the prototype absorber (1), with an associating stripper (2)

COMPONENTS
CO; 1)
H,0 2)
O 3)
co )
NO (5)
SO; (6)
N2 )
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Oln1kAok

I‘\ 0t 2kA2k

Mk (1) 21Kk Aok @ Oo2kA 2k

A 4

J10k J20k

Fig A2: Process Flow Diagram showing Split fraction Co-efficients

Balances to generate the Matrix of Equations, for the Split Fraction Method
Note: Balances are made at the inlet of any unit.

Unit (1) - 1ok T O2khak = Mk
Re-arranging; A - oaorhok = Ok - : ()
Unit (2) - 20k O21kA1k = Aok
Re-arranging; — azikhak + Aok = Jook - . (i)
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—X21k

GENERAL MATRIX OF EQUATIONS

—X12k

910k

920k |

Table A2: Summary of Values for Split Fractions and Fresh Feeds

Unit/Comp 1 2 3 4 5 6 7
a21K 0.95 0.90 0.30 0.98 0.40 0.75 0.10
1
J10k 0.1054 68.89 0.0357 | 0.00004179 | 0.000344 | 0.00030 | 0.6435
12K 0.03 1.00 0.20 0.10 0.15 0.30 0.00
2
920k 0.00 0.00 0.00 0.00 0.00 0.00 2.00
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MATRIX OF EQUATIONS FOR EACH COMPONENT

1 -0.03

-0.95 1

A1 = 0.1085kgmol/hr

1 -1.00

-0.90 1

A2 = 68.89kgmol/hr

1 -0.20

-0.30 1

A3 = 0.0381kgmol/hr

H,0

0.1054

0.000

A1 = 0.1031kgmol/hr

A |

68.8

0.000

Az, = 1,565.00kgmol/hr

0.03%7

0.00

Ay 3 = 0.0114kgmol/hr
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-0.98

-0.10

CcO

A 4 = 0.0000465kgmol/hr

-0.40

-0.15

NO

A s = 0.000367kgmol/hr

-0.75

-0.03

SO,

Mg = 0.000387kgmol/hr

135

Az 4 = 0.00004565kgmol/hr

A5 = 0.000147kgmol/hr

A6 = 0.000291gmol/hr

0.00004

0.000

0.000344

0.00d

0.00030

0.00(

L




1 0.00

-0.10 1

A7 = 0.6435gmol/hr
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0.643

2.00

Ay 7 = 2.0644kgmol/hr




CALCULATIONS OF FLOW RATES IN EACH STREAM

STREAM 1

1. COs: 1 = 0.1054kgmol/hr = 4.6376kg/hr

2. H,0: Oz = 68.89kgmol/hr = 1,240.02kg/hr

3. 0;: Oz = 0.0357kgmol/hr = 1.1424kg/hr

4. CO: Qs = 0.00004179kgmol/hr = 0.00117kg/hr

5. NO: Qs = 0.000344kgmol/hr = 0.01032kg/hr

6. SO,: Jios = 0.00030kgmol/hr = 0.0192kg/hr

7. Na: Ouo7 = 0.6435kgmol/hr = 18.018kg/hr

Total=1,263.85kg/hr

%CO;: =  4.6376/1,263.85x 100% = 0.37%

%H,0: =  1,240.02/1,263.85x 100% = 98.11%

%0,: = 1.1424/1,263.85x 100% = 0.09%

%CO: =  0.00117/1,263.85x 100% = 0.000093%

%NO: = 0.01032/1,263.85x 100% = 0.00082%

%S0,: = 0.0192/1,263.85 x 100% = 0.0015%

%N,: =  18.018/1,263.85x 100% = 1.46%

STREAM 2

1. CO; : apniA1 = 0.05x4.774 = 0.2387kg/hr

2. H,0: ap12A12 = 0.10 x 1240.02 = 124.0020kg/hr

3.0, :ansAis = 0.70 x 1.2192 = 0.85344kg/hr

4.CO : aprulis = 0.02 x 0.001302 = 0.00002604kg/hr

5.NO : apsAss = 0.60 x 0.01101 = 0.006606kg/hr

6. SO, . agieAis = 0.25x 0.024768 = 0.006192kg/hr

7.Ny  :an7Ai7 = 0.90 x 18.018 = 16.2162kg/hr
Total = 141.3232kg/hr

%CO,: = 0.2387/141.3232x 100% = 0.17%

%H,0: = 124.002/141.3232x 100% = 87.74%
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%0;: = 0.85344/141.3232x 100% = 0.604%
%CO: =  0.00002604/141.3232x 100% = 0.0000184%
%NO: =  0.006606/141.3232x 100% = 0.00467%
%S0,: = 0.006192/141.3232x 100% = 0.00438%
%Ns,: = 16.2162/141.3232x 100% = 11.47%
STREAM 3
1.CO; : a121A21 = 0.03 x 4.5364 = 0.1361kg/hr
2. H20: a120A2: = 1.00 x 28,170 = 28,170.00kg/hr
3.02 :oazshas = 0.20 x 0.3648 = 0.0730kg/hr
4.CO : a1pahoa = 0.10 x 0.001278 = 0.0001278kg/hr
5.NO : aiz5A25 = 0.15x 0.00441 = 0.0006615kg/hr
6. SOz - a126A26 = 0.30 x 0.018624 = 0.005587kg/hr
Total = 28,170.2155kg/hr
%CO;: =  0.1361/28,170.2155 x 100% = 0.000483%
%H,0: =  28,170.00/28,170.2155 x 100% = 99.999%
%0,: = 0.0730/28,170.2155 x 100% = 0.000259%
%CO: = 0.0001278/28,170.2155x 100% = 0.000000454%
%NO: =  0.0006615/28,170.2155x 100% = 0.00000235%
%S0;: =  0.005587/28,170.2155x 100% = 0.0000198%
STREAM 4
1. CO; : ap11A11 = 0.95x4.774 = 4.5353kg/hr
2. Hy0: a212A12 = 0.90 x 1240.02 = 1116.018kg/hr
3.02 :oa213h13 = 0.30 x 1.2192 = 0.3658kg/hr
4.CO : a214h14 = 0.98 x 0.001302 = 0.001276kg/hr
5.NO : axsA1s = 0.40 x 0.01101 = 0.004404kg/hr
6. SO, : az16A16 = 0.75x 0.024768 = 0.0186kg/hr
6. N2 - anzAsy = 0.10 x 18.018 = 1.8018kg/hr
Total = 1122.7452kg/hr
%CO;: = 4.5353/1122.7452x 100% = 0.404%
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%H,0: =  1116.018/1122.7452x 100%
%0;: = 0.3658/1122.7452x 100%
%CO: = 0.001276/1122.7452x 100%
%NO: = 0.004404/1122.7452x 100%
%S0,: = 0.0186/1122.7452x 100%
%Ns,: = 1.8018/1122.7452x 100%
STREAM 5

7. Ny: Qo7 = 2.000kgmol/hr
%Ns,: = 100%

STREAM 6

1. CO; : apa1A2: = 0.97 x 4.5364

2. H,0: ap2A2 = 0.00 x 28,170
3.0, :agsAs = 0.80 x 0.3648
4.CO : apha = 0.90 x 0.001278
5.NO : agsAzs = 0.85 x 0.00441

6. SO, : aozeAa6 = 0.70 x 0.018624

6. N2 - aop7Aa7 = 1.00 x 57.8032
%CO,: = 4.4003/62.5132 x 100% =
%H,0: = 0%

%0;: = 0.2918/62.5132x 100%
%CO: =  0.00115/62.5132x 100%
%NO: =  0.00375/62.5132x 100%
%S0,: = 0.01304/62.5132x 100%
%N,: =  57.8032/62.5132x 100%
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99.40%
0.0326%
0.000114%
0.00039%
0.00166%
0.16%

56.000kg/hr

4.4003kg/hr
0.00kg/hr
0.2918kg/hr
0.00115kg/hr
0.00375kg/hr
0.01304kg/hr
57.8032kg/hr
62.5132kg/hr

0.47%
0.0018%
0.006%
0.021%
92.47%



Table A3: Calculated Mass Flow Rates of the Components across the Units (kgmol/hr)

COMPONENTS
) Mass flow
uUnit 1 2 3 4 5 6 7
(kgmol/hr)
1 Ak 0.1085 68.89 0.0381 | 0.0000465 | 0.000367 | 0.000387 | 0.6435
2 Aok 0.1031 1,565 0.0114 | 0.00004565 | 0.000147 | 0.000291 | 2.0644
Table A4: Calculated Mass Flow Rates of the Components across the Units (kg/hr)
COMPONENTS
) Mass flow
Unit 1 2 3 4 5 6 7
(kg/hr)
1 A1K 4774 | 1240.020 | 1.2192 | 0.001302 | 0.01101 | 0.024768 18.018
2 Aok 4.5364 28,170 0.3648 | 0.001278 | 0.00441 | 0.018624 578032
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Table A5: Calculated Mass Flow Rates of the Components in the Process Stream(kg/hr)

STREAM | CO, (1) | H,0 (2) 0, (3) CO (4) NO(5) | SO.(6) | Ni(7)

S
' 4.6376 1240.02 1.1424 0.00117 0.01032 0.0192 18.018

Sz
0.2387 124.002 0.8534 0.00002604 | 0.006606 | 0.006192 | 16.2162

S3

0.1361 28,170 0.0730 0.0001278 0.0006615 | 0.005587 -

S4
45353 1116.018 0.3658 0.001276 0.004404 0.0186 1.8018

Ss
- - - - - - 56.000

Se
4.4003 - 0.2918 0.00115 0.00375 0.01304 57.8032
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Table A6: Calculated Percentage by Mass Flow Rates of Components in the Process Streams (%)

STREAM| co, (1) | H,0@2 | 0,(3) CO (4) NO(5) | SO,(6) | Ny(7)
S
' 0.37 98.11 0.09 0.000093 0.00082 0.0015 1.46
Sz
0.17 87.74 0.604 0.0000184 0.00467 0.00438 11.47
S3
0.00048 99.999 0.00026 | 0.000000454 | 0.00000235 0.00002 -
Sy
0.404 99.40 0.0326 0.000114 0.00039 0.00166 0.16
S
° i i i i i i 100
Se
7.04 - 0.47 0.0018 0.006 0.021 92.47
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S, = 141.3232kg/hr )
Lean SDA/MEA solution

Residue flue gas
S3 = 28,170.2155kg/hr

Absorber
Column

Wet flue gas from exhaus| Rich SDA/MFA solition

S1 = 1,203.85UUKQ/Nr S, =1,122.7452kg/hr

>

Fig A3: Material Balance around the Prototype Absorber Column
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CO, : 0.2387kg/hr
H,O  : 124.002kg/hr
0, : 0.8534kg/hr
CO  : 0.000026kg/hr
NO  : 0.006606kg/hr
SO, : 0.006192kg/hr <
N, © 16.2162kg/hr S, S,
CO, : 0.1361kg/hr
H,O . 28,170kg/hr
0, : 0.0730g/hr
CO  : 0.0001278kg/hr
AC-01 NO : 0.0006615kg/hr
SO,  : 0.005587kg/hr
Sl SA
CO, : 4.6376kg/hr CO, @ 4.5353g/hr
ho . 1’240.029kg/hr H,O0  : 1116.018kg/hr
o,  11424kg/hr 0, : 0.3658Kkg/hr
CO - 000117kg/hr CO  : 0.001276kg/hr
NO - 0.01032kg/hr NO  : 0.004404kg/hr
S0, © 0.0192kg/hr SO, : 0.0186kg/hr
N, © 18.018kg/hr N, . 1.8018kg/hr

Fig A5: Quantitative flow sheet for the unit

SC-02

Se

N,: 56.00kg/hr

Ss
CO, . 4.4003kg/hr
0, . 0.2918kg/hr
(6{0] : 0.00115kg/hr
NO : 0.00375kg/hr
SO, : 0.01304kg/hr
N, . 57.8032kg/hr




APPENDIX B
ENERGY BALANCE CALCULATIONS
B1l. DESIGN DATA
i. Reference Temperature , To = 298K
ii. Reference Pressure, Py = 1atm (101.325KPa)
iii. Specific Heat Capacities of Components

COu(g): Cp = -8,304,300 +104,370T — 433.33T% + 0.60052T° (J/kmolK)
H.0(9): Cp = 128,122 -27,64.8T + 7.634T% — 0.01156T* (J/kmolK)

H,0(l): Cp = 276,370 -2,090.1T — 8.125T2 — 0.01412T? (J/kmolK)

0(q): Cp = 175,430 — 6,T + 7.634T% — 0.01156T° + 9.37x10°T*(J/kmolK)
CO(g): Cp = -8,304,300 +104,370T — 433.33T% + 0.60052T° (J/kmolK)
NO(g): Cp = -2,979,600 +76,602T — 652.59T + 1.8879T2 (J/kmolK)
SO,(9): Cp = 85,743 +5.7443T (J/kmolK

N2(9): Cp = 281,970 -12,281T +248T2 -2.2182T +0.00749T*(J/kmolK)

Source: Perry’s Chemical Engineers’ Handbook.

B2. GENERAL ASSUMPTIONS
l. The processes are operating at steady state
. There are negligible heat losses from process equipments and pipings. Adequate
lagging ensures this.
II. Potential and Kinetic Energy contributions are neglected, as measured relative to the

major forms of energy.

Accumulation = Energy in - Energy Out + Generation - Consumption
Where, at steady state, Accumulation =0

Therefore, Energy = Energy In + Generation — Consumption

145



B3. ENERGY BALANCE AROUND THE UNITS

Calculations are done based on 1hour operation

1. ASORBER COLUMN (AC-X1)

0.00543kmol CO,
6.889kmol H,0O
0.0267kmol O,
0.00000093kmol CO
0.0002202kmol NO
0.0000968kmol SO,
0.5792kmol N,

0.1054kmol CO,
68.89kmol H,0
0.0357kmol O,
0.0000418kmol CO
0.000344kmol NO
0.00030kmol SO,
0.6435kmol N,

S

Sz

AC-X1
40°C
latm
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S3

0.003093kmol CO;
1,565.00kmol H,O
0.002281kmol O,
0.00000456kmol CO
0.00002205kmol NO
0.00008730kmol SO,

Sy

v

0.1031kmol CO,
62.001kmol H,O
0.01143kmol O,
0.00004557kmol CO
0.0001468kmol NO
0.0002906kmol SO,
0.06435kmol N,




Enthalpy In: (Stream 1) T = 328K (55°C)

CO2(9):
328

H = (0.1054) | (—8,804,300 + 104,370T + 433.33T% + 0.60052T3)dT
298

=0.184MJ
H.0(g):
328
H = (68.89) (128,122 — 27,640.8T + 7.634T?2 + 0.01156T3)dT
298
=10.922MJ
02(9):
328
H = (0.0267) (175,430 - 6,152.3T + 113.92T2- 0.92382T3)dT
298
= 0.092MJ
CO(0):
328
H = (0.0000418) (65.429 + 28,723T -847.39T2% + 1,959.6T3)dT
298
= 0.0002MJ
NO(9):
328
H = (0.000344) (—2,979,600 + 76,602T + 652.59T2 — 1.8879T3)dT
298
= 0.0039MJ
SO2(9):
328
H = (0.00030) (85,743 + 5.7443T)dT
298
= 0.00785MJ
N2(9):

328

H = (0.6435) (281,970 — 12,281T + 248T?% — 2.2182T3 + 0.00749T*)dT
298

=1.082MJ

Enthalpy In: (Stream 3) T = 313K (40°C)

CO2(09):
313

H = (0.003093) (—8,804,300 + 104,370T + 433.33T% + 0.60052T3)dT
298
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= 0.042MJ

H,O(I):
313
H = (1,565.00) (276,370 —2,090.1T - 8.125T2 - 0.01412T3)dT
298
= 43.273MJ
02(9):
313
H = (0.002281) (175,430 - 6,152.3T + 113.92T%- 0.92382T3)dT
298
= 0.039MJ
CO(9):
313
H = (0.00000456) (65.429 + 28,723T -847.39T2 + 1,959.6T3)dT
298
= 0.002MJ
NO(g):
313
H = (0.00002205) (—2,979,600 + 76,602T + 652.59T% — 1.8879T3)dT
298
= 0.005MJ
SO(9):
313
H = (0.00008730) (85,743 + 5.7443T)dT
298
= 0.006MJ
Total Enthalpy In = 55.658MJ
Enthalpy Out: (Stream 2) T = 309K (36°C)
CO2(0):
309
H = (0.00543) (—8,804,300 + 104,370T + 433.33T% + 0.60052T3)dT
298
= 0.038MJ
H,0(0):
309
H = (6.889) (128,122 — 27,640.8T + 7.634T? + 0.01156T3)dT
298
=14.683MJ
02(9):
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309

H = (0.0267) (175,430 - 6,152.3T + 113.92T?- 0.92382T3)dT
298

= 0.080MJ
CO(9):
309
H = (0.00000093) (65.429 + 28,723T -847.39T?% + 1,959.6T3)dT
298
= 0.00085MJ
NO(9):
309
H = (0.0002202) (—2,979,600 + 76,602T + 652.59T2 — 1.8879T3)dT
298
= 0.003MJ
SO2(9):
309
H = (0.0000968) | (85,743 + 5.7443T)dT
298
=0.007MJ
N2(9):

309

H = (0.5792) (281,970 — 12,281T + 248T? — 2.2182T3 + 0.00749T*)dT
298

=1.052MJ

Enthalpy Out: (Stream 4) T=7

CO,(9):
T

H = (0.1031) [ (—8,804,300 + 104,370T + 433.33T% + 0.60052T3)dT
298

H,0(0):
T
H = (62.001) | (128,122 —27,640.8T + 7.634T? + 0.01156T3)dT
298
02(9):
T
H =(0.01143) | (175,430 - 6,152.3T + 113.92T%- 0.92382T3)dT
298
CO(g):
T
H = (0.00004557) | (65.429 + 28,723T -847.39T2 + 1,959.6T3)dT
298
NO(9):
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T

H = (0.0001468) (—2,979,600 + 76,602T + 652.59T% — 1.8879T3)dT
298

SO2(9):
T

H = (0.0002906) (85,743 + 5.7443T)dT
298

N2(9):
T

H = (0.06435) (281,970 — 12,281T + 248T?% — 2.2182T3 + 0.00749T*)dT
298

Total Enthalpy Out = 27.894 + 1.8x10°T* — 0.49x10™T® — 125.84T2 + 104.8T + 7.43x10°

And Enthalpy In = Enthalpy Out

15.864 = 770.894 + 104.8T -125.84T% 0.49x10'T* + 1.8x10°T*
Solving the polynomial for T, wehave;

T =311.7K = 38.7°C = 39°C
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B3. ENERGY BALANCE SCHEMATIC

Q =12.292Ml/hr ¢ s, Q=43.366MJ/hr
T =36°C 2 T =40°C
AC-X1
40°C
latm
Q=15864MJ/r g I ‘ S:  Q=39.793Mhr
T=57C T=3c

N—

Fig B1: Energy Balance around the Prototype Absorber Column

Table B1: Energy Balance Table on Streams for the prototype absorber column

Stream | Temp. | Stream | Temp | Stream | Temp. | Stream Temp. | Total
Code °c Code °c Code °c Code Energy

Flow,

S1 55 S, 36 S3 40 S4 39 MJ/hr

Input,
MJ/hr 12.292 43.366 55.657
Output,

MJ/hr 15.864 39.793 55.657
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APPENDIX C
DETE

RMINATION OF SOMEKINETIC PARAMETERS

Determination of Experimental Rate Law for the Carbon Capture

The experimental rate law for the carbon capture with SDA leachate is determined using excerpts

of the original phenomenal experimental trial runs:

Table C1: Result excerpts of carbon capture with SDA leachate

Experimental

Serial Number | Trial Number | CO, (M)x107 H,O (M) Rate (M/min) x107
7 1 10.17 0.069 0.977

8 2 8.99 1.250 1.135

9 3 14.92 0.660 0.516

Rate = k[CO,(aq)]*[H207”

Trial 1:  0.977 x 10°= k(10.17 x 10%)*(0.069)"............ (i)

Trial 2:  1.135 x 10°= k(8.99 x 10°%)*(1.250)"............ (ii)

Trial 3:  0.516 x 10°= k(14.92 x 10°)*(0.660)"

Equation (ii) divided by (i):

1.162 = 0.884"18.116”

Equation (ii) divided by (iii):

2.200 = 0.60371.894"

Taking logarithm of equations (iv) and (v):

Logl.162 = xLog0.884+ yLogl8.116
Log2.200 = xLo0g0.603+ yLog1.894

Equations (vi) and (vii) result to:

0.065 = -0.054x + 1.258y
0.342 = -0.220x + 0.277
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Solving the set of linear equations (viii & ix), for x and y:

-0.054 1.258 X 0.065
-0.220 0.277 y 0.342
x = 0.86 . y=088
X ~ : y &
Hence,
Experimental Rate Law: Rate = k[CO,]*[H,0] (C-1)

Determination of Overall Rate Constant (Second Order Rate Constant, k)

The overall rate constant k was determined by substituting values from the result excerpts of the
carbon capture with SDA leachate (table C.1).

Choosing values for Trial 7, which represents an average of the three trials (or experimental

serial numbers), and/or a mid-representative of the entire experimental trial runs, we have:

Rate = k[CO,]*[H.0] = k(CO,)*%(H,0)%%8

0.977 x 10 = k(10.17 x 10)*#(0.069)*% = k(7.35 x 10%°® x 0.095)

0.977 x 10°= k(1.836 x 107%)

ko= 0.53Mmin™

Determination of Mass Transfer Coefficient

The mass transfer coefficient was determined by substituting appropriate values into egn (2-45):
K = V(k2[Cs]Dcoz)

Where,

KL is mass transfer coefficient (cms™)

kois the second order reaction rate constant = 0.53M™min™ = 8.83 x 10° M™'s™
Csis the optimal concentration of the solvent (sequestrant) = 22.5g/L = 1.25M
Dcozis the diffusivity of CO,in mineralized water = 1.88 x 10 cm?s™

Hence,

K= (8.83 x 10° Ms™x 1.25M x 1.88 x 10”° cm?s™)
KL =(20.75 x 10%cm?s?)
K. =4.56 x 10“cms™
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APPENDIX D
PROTOTYPE ABSORBER DESIGN CALCULATIONS
Equilibrium Relationship: y = 1.85x

Diffusivity of carbon dioxide in the mineralized water, Dcw =1.88 x 10° cm?/s
Diffusivity of carbon dioxide in flue gas/air, Dca =0.14 cm?/s

Kinematic viscosity of the mineralized water, pw = 0.653g/cm.s

Kinematic viscosity of flue gas/air, pa = 0.18g/cm.s

Mass density of the mineralized water, pw = 930kg/m®

Mass density of flue gas, pa = 1.15kg/m®

The Schmidt number for the liquid phase (mineralized water), Sc =410

The Schmidt number for the gas phase (flue gas), Sc = 1.14

_ kmole CO2in entry gas stream _ 0.1054

y1= =0.0015 or 0.15%

kmole of entry gas stream "~ 69.6753

_ kmole CO2in exitng gas stream _ 0.00543

Y2 = =0.00072 or 0.072%

kmole of exiting gas stream 7.5006
Ye1 = MXy ; Ye2 = MX2

kmole CO2 in exiting liquid stream 0.1031
Xy = b = = 0.000166 or 0.0166%
kmole of exiting liquid stream 62.1804

_ kmole CO2in entry liquid stream _ 0.003093

2= kmole of entry liquid stream ~ 1565.0055 = 0.000002 or 0.0002%

ye1 = 1.85(0.000166) = 0.000307
Ye2 = 1.85(0.000002) = 0.0000037
Ay = (y- Ye)1 = 0.0015 - 0.000307 = 0.001193

Ayz = (Y- Ye)2 = 0.00072 - 0.0000037 = 0.0007163

Ay1—Ay2 0.001193 —0.0007163
Ayim= . Ayly = 0007193 = 0.0001656

InGy2) In (50007163

And, number of Transfer Units is obtained as follows:

1-y2 _ 0.0015-0.00072
Nog=1-"== =4.71
Aylm 0.0001656
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To obtain the height of the Transfer Units, Hog, the correlation for packed column flooding
velocities are used, as can be related in existing log-log plots for the correlations;

E\/(‘;_?) _ GZ(ap;CepsggL)o.z

Where,

L = mass flow rate of the liquid

G = mass flow rate of the gas

pc = mass density of the gas

pL.= mass density of the liquid

ML = kinematic viscosity of the liquid

gc = gravitational acceleration

ap/€3 = correlation factor for the stoneware raschig rings

3,342.287\/(1,15

474.752 %) =0.25

L (%):

Checking the correlation chart

0.02=
. gepgpl
G2 = (002)(1.27x1048)(1.15)(930) _ 27.17 x 108) _ (j 199 4 108

(159)(0.653)A0.2 146.01
G =(0.1861 x 10%) = 4.31 x 10°kg/m*h at flooding.
The column is to operate at 60% of the flooding velocity = 0.60 x 4310 = 2586kg/m?h

\/(4)){(474.752)

(3,14)x (3586) 0.082m

Tower Diameter, D =

Height of the gas phase transfer unit, Hg = aGPLYSc%?
where from tables; o = 6.41, p =0.32, y =-0.51 andSc = 1.14
He = (6.41)(474.752)"%(3,342.287) **(1.13)°°
=0.0206m

Height of the liquid phase transfer unit, H, = ¢(L/p)"Sc%?
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where from tables; ¢ =0.010, p = 0.653, n = 0.22 andSc = 410
H. = 0.01(3,342.287/0.653)%??(410)°°
=0.0488m

The overall gas phase HTU is given by;

MGm
Hog = Hg + ——HL_
Lm

_ Gm _ 2476.665 _
M =1.85, T Teren - 13.412

1.85

Hoc = 0.0206 +( 5 412)0.0488 =0.0242m

Then, the overall height of the column, Z is given by;
Z =HocNog
=0.0242 x4.71
=0.114m

The wetting rate for the Column is given by;

Ly = volumetric liquid rate per unit cross —sectional area of column
w =

packing surface area per unit volume of column

_ L _ 28515

= = =17.28m°/m.hr
AplSB 1.65

The pressure drop in the column is given by;

AP = YNpgug'Z

where, AP is the pressure drop
pc IS the gas density
Ug is the superfacial gas velocity
Z is the height of column

N is the number of velocity heads lost per unit height of packing
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AP =% x 25 x 1.15 x 934.45 x 0.114
= 1531.32N/m?

The volumetric hold-up for the column is;

HW = 0.0004(5)°°

5,786.786)0_6

= 0.32m° Liquid/m® column
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