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ABSTRACT

The utilisation of alternate sources of energy has reached critical levels due to the
constantly growing demand for energy and the diminishing of fossil fuels. The
production of hydrogen through the Hybrid Sulphur process is a possible alternative
that may contribute towards alleviating the pressure on the world’s energy resources.
The two-step thermochemical cycle for decomposing water into hydrogen and oxygen
offers the potential to obtain acceptable thermal efficiencies, while still using common
and inexpensive chemicals. The process mainly makes use of two unit process
operations: an electrolyser and a chemical decomposition reactor. This research
project focuses on the concept design of the decomposition reactor operated
adiabatically as a multi-stage reactor system with inter-stage heating, in order to
simplify the reactor design. This approach allows for the independent evaluation of

the reaction kinetics and the heat transfer mechanism.
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TITEL: Die Chemiese Reaktor vir die Ontbinding van Swael Suur vir die

Hibried Swael Proses
OUTEUR: M.D.Coetzee
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OPSOMMING

Die gebruik van alternatiewe bronne van energie het kritiese vlakke bereik as gevolg
van die aanhoudende toename in die aanvraag na energie, en die feit dat fossiel
brandstof se beskikbaarheid as bron aansienlik afgeneem het. Die produksie van
waterstof deur middel van die Hibried Swael (HYS) proses is n moontlike
alternatiewe oplossing wat kan bydra om die druk op die wéreld se energiebronne te
verlig. Die twee-stap termochemiese siklus vir die ontbinding van water in waterstof
en suurstof bied die moontlikheid om aanvaarbare termiese doeltreffendheid te bereik
deuf die gebruik van algemeen beskikbare, en bekostigbare chemikalie€. Die proses
maak hoofsaaklik gebruik van twee proses eenhede, naamlik n elektroliseerder en n
chemiese-ontbindingsreaktor. Die navorsingsprojek fokus op die konsep ontwerp van
die chemiese reaktor wat adiabaties bedryf word as 'n multi-stadium reaktor sisteem
met inter-stadium verhitting, met die doel om die ontwerpvergelyking te
vereenvoudig. Dit stel die navorser in staat om die reaksie kinetika onathanklik van

hitteoordrag in die reaktor te ondersoek

Sleutelterme: Waterstof, Hibried Swael, Ontbindings Reaktor, VGKA, Hoé
temperatuur, Kernkrag
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CHAPTER1 INTRODUCTION

1.1 Introduction

According to the Energy Information Administration of the Department of Energy of
the United States, the total marketed energy consumption of the world in 2004 was
estimated at 447 Quadrillion BTU [1]. This is expected to grow to about 559
quadrillion BTU in 2015, and then to 702 quadrillion BTU in 2030, which will
amount to a projected increase of 57% over this period. The growth is displayed in

Figure 1 below.

800 e S—
_ Projections 707 |
‘ . o102
400
200 -
N i

Figure 1: Projected world energy demand [2], [3]

To date the most significant part of this amount of energy, approximately 90%, was
derived from the combustion of fossil fuels, of which coal (27%), oil (39.5%), and gas
(23.5%) were the primary contributors. The remainder of the marketed energy
consumption of the world was derived from nuclear power (7.4%) and renewable

energies, such as hydroelectricity (2.6%) [4].
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World Energy Consumption

8 Hydro-Electricity
ONuclear Energy 2.6%
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Oil - 39.5%
OGas - 23.5%

@ Coal - 27%

Figure 2: Total marketed world energy consumption

Approximately 30% of the primary energy that is consumed is used for the production
of electricity. The only other significant non-fossil contributors to electricity
production are nuclear energy and hydroelectric power supply. Comparing these two
sources, hydroelectricity represents about 20% and nuclear energy about 17% of the

global electricity supply [5].

Although the energy intensity of many commercial and industrial products and
appliances has fallen, the rate of energy consumption has rapidly increased. This is
not only because of population growth or the development of new consumer needs,
but also because of a trend of developing countries that want to achieve higher
economic growth and social levels by means of improving industry and infrastructure.
Therefore, the growth of the energy trade is not reserved for industrialised countries

only, but has become a worldwide trend [6].
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Table 1: Worldwide energy consumption and carbon dioxide emissions

Industrialised

nations 182.8 211.5 236.3 2814 10,462 | 11,634 | 12,938 | 15,643
Eastern Europe 76.3 53.3 59 75.6 4,902 3,148 3,397 4,313

Developing nations

Asia 52.5 85 110.6 173.4 3,994 6,012 7,647 11,801
Middle East 13.1 20.8 25 34.1 846 1,299 1,566 2,110

Africa 9.3 12.4 14.6 215 656 843 971 1,413

Central and South

America 14.4 20.9 25.4 36.9 703 964 1,194 1,845

Total developing 89.3 139.2 175.5 265.9 6,200 9,118 11,379 | 17,168
Total world 348.4 403.9 470.8 622.9 21,563 | 23,899 | 27,715 | 37,124

To respond to the high demand for energy, a balanced and stable program will be
required without pursuing extreme policies. This will have the best prospect of
achieving the lowest long-term social cost, and be able to address the future with a
variety of options and flexible strategies [5]. It is for this reason that it is important to
evaluate current energy sources, their future prospects, and the social and

environmental impact they may have.

Considering the impact certain energy sources have, it is necessary to acknowledge

that the usage of fossil fuels brings about several disadvantages. These include:

e its limited supply and the fact that it is not a renewable energy source;
e pollution during mining and the processing phase; and
e carbon dioxide emissions as by-product, which is believed to be

responsible for global warming.

The negative impact of fossil fuels is undeniable, increasing the need to search for a
less-polluting, potentially renewable primary energy source. A possible answer to the
problem is the use of nuclear energy. Electricity is already generated on a large scale
internationally by means of nuclear plants, curbing the emissions of greenhouse
gasses emitted by coal-based electricity generation facilities. Fossil fuels are,
however, firmly entrenched in the transportation sector, and are a major constituent of
the above-mentioned world energy usage of fossil fuels. A viable, environmentally-

attractive transportation fuel that has the potential to replace fossil fuels, is hydrogen,
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which could be coupled with fuel cells to become even more efficient. The transition
to hydrogen as fuel, referred to as the hydrogen economy, will mean that a factor of
more than eighteen times the current hydrogen use will be needed if this fuel is to

serve only as a transportation energy source [7]

1.2 Background

The worldwide consumption of hydrogen is estimated at approximately 50 million
tonnes per annum. The majority of this hydrogen is used for ammonia production,
which is further processed to make fertiliser. It is also used for heavy crude oil that is
converted to clean liquid fuels. The decline in the availability of light crude oil that
does not necessitate additional hydrogen for conversion to gasoline is another reason
for the increasing demand. Coupled with this is an increased use of heavy crude oils
that entails very large amounts of hydrogen for conversion to gasoline. Should the
development of automotive fuel cells occur in such a manner so that the desired cost
goals are reached, this could lead to the transportation sector also being fuelled by
hydrogen. The effect of this could result in an increase in hydrogen consumption over

a period of a number of decades of one to two orders of magnitude [8].

Contemporary production of hydrogen makes use of fossil fuels and natural gas,
nullifying the environmental advantage of hydrogen. The hydrogen industry in the
United States currently produces 11 million tonnes of hydrogen a year, consuming 5%
of the country’s natural gas usage and releasing 74 million tonnes of CO, into the
atmosphere [9]. Hydrogen that is produced from nuclear energy could solve this
problem. At present no large scale, cost-effective, environmentally-attractive
hydrogen production process has been identified that can be commercialised in the

short term.

A number of techniques have been proposed for utilising nuclear power for the
production of hydrogen. These will be discussed in greater length in Chapter 2. One
of the most promising initiatives for hydrogen production is the use of the Hybrid

Sulphur Cycle or HyS, which is a two-step thermochemical cycle. The process
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fundamentally concerns the decomposition of water into oxygen and hydrogen using

sulphuric acid as a promoter to enhance the chemical reactions.

1.3 Problem Statement

As is the case with any large industrial process, the need to operate under process
conditions that support economic viability is imperative. Combining this with the
highly competitive nature of the fuel and energy industry, the necessity to maximise
process efficiencies is unquestionably 'important for ensuring feasibility. Techno-
economic studies on the Hybrid Sulphur Cycle process have shown that the
performance of the decomposition reactor used in the cycle has a significant influence
on the efficiency of the system. Currently, the practice is to investigate the operation
of the sulphuric acid decomposition reactor operating at pressure ranges between 8
and 9 MPa. This is done in order to avoid a high-pressure differential across the
intermediate heat exchanger when heat is transferred from the primary to the
secondary helium circuit. Helium gas from the Pebble Bed Modular Reactor (PBMR)
is provided at these high pressures. The reduction of SO; to SO, is however favoured
by low pressures, while maintaining high operating temperatures. Considering this,
the need to investigate the possibility of operating at lower operating pressures is
important in striving for higher process efficiencies. This becomes evident when

comparing the efficiencies of high and low pressure operations operating conditions.

At a pressure of 8 to 9 MPa and temperature of 900°C, for example, the maximum
conversion of SO; to SO, (reversible reaction, therefore maximum conversion is
equilibrium conversion) that can be achieved is about 48% [10]. If the reactor
operates at 95% of the equilibrium conversion, a conversion of only 45% SO; to SO,
can be achieved. The surplus SO; that has not been converted to SO, upon leaving the
reactor, is cooled down downstream of the reactor and converted back to sulphuric
acid. This could lead to a build-up of large quantities of sulphuric acid, which is
recycled in the system. This has a negative impact on the process overall due to the
magnitude of recycling of the corrosive substance throughout the system. It also
consumes unnecessary energy through heating and cooling, which contributes to

lower thermal efficiencies. One option of improving the conversion of SOs to SO; is
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to lower the reactor operating pressure, while operating at high temperatures in the

order of 900°C.
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Figure 3: Effect of pressure on SO; decomposition

Literature indicates that operating the reactor between 1 and 5 bar will contribute to
much higher conversions compared to that achieved at the proposed 8 to 9 MPa levels
[10]. An illustration of this effect can be seen in Figure 3 above. Increasing conversion
through higher operational temperatures above 950°C will result only in a small

improvement.

1.4 Research Methodology

The design of the Hybrid Sulphur cycle decomposition reactor entailed an
investigation into all possible information relevant to the primary decomposition
reactions that will occur in the reactor system. This includes current available reaction

kinetics, heats of formation of the elements and temperature-dependent, variable heat
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capacities for the main reactions that occur. The recommended catalysts that support

these reactions are also be identified.

Upon completion of the gathering of relevant data and information, basic hand
calculations were carried out, to develop and formulate the net reaction rate law. Once
this was done, the design equations applicable to the decomposition reactor were
developed and solved by making use of the software program PolyMath™. This tool
allows for effective numerical analysis techniques to be used for solving simultaneous

ordinary differential and explicit algebraic equations.

Mass, mole, and energy balances were performed across the reactor, in order to
calculate the temperature change as a function of conversion. This, in conjunction
with the primary design equations and variables allows for the eventual determination
of the temperature profile along the length of the reactor. In turn, this contributes to
the calculation of the conversion profile of SO; to SO, along the reactor length.
Finally, this design data was used to determine the number of stages required by the
decomposition reactor in order to produce a given amount of hydrogen, as well as the

frequency and magnitude of the inter-stage heating required.

1.5 Objective of the Research Project

The decomposition reactor is modelled as a multi-stage reactor system operating
under adiabatic process conditions. This was done by controlling the inlet temperature
to each stage at 870°C by means of inter-stage heating. As a result of inter-stage
heating, the overall conversion that was obtained in the process can be increased.
Operating the reactor adiabatically also simplifies the reactor and heat exchanger

design.

The objective of the research is as follows:

o the concept design of a chemical decomposition reactor capable of achieving
95% of the maximum possible equilibrium conversion at selected pressure and

temperature
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o design the reactor to operate adiabatically to simplify reactor and heat
exchanger design.

e determine the optimum operating conditions nécessary for achieving
maximum reactor performance;

e establish the reactor size;

e establish reactor space velocity;

e determine species concentration profiles; and

e determine the reactor temperature profiles

1.6 Outline of the Dissertation

In Chapter 2, a literature study will be documented, which highlights the energy drive
undertaken in South Africa with regard to the identification of possible alternative
sources of energy and fuel. The review will also examine the means by which
hydrogen can be produced on a large industrial scale. The different thermochemical
process ways of hydrogen production will be listed with a detailed account on the
Hybrid Sulphur cycle as well as previous studies undertaken pertaining to it. A
preliminary evaluation of the possible equilibrium conversion that can be achieved for
the sulphur trioxide to sulphur dioxide decomposition reaction will be investigated in
Chapter 3, along with the effect that temperature and pressure have on it. This data
will be used in Chapter 4 along with specific design equations to enable the sizing of
the reactor system within the frame of the given design limits, to establish the SO;
decomposition reactor performance. Chapter 5 will present the primary results in table
and graph format as well as provide data specification for the most important process
units of the design. Conclusions drawn from the investigation and design as well as

recommendations for further studies will be addressed in Chapter 6
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CHAPTER 2 LITERATURE STUDY

2.1 Introduction

After providing a background to the study in Chapter 1, this chapter investigates the
energy drive with regard to hydrogen research and development undertaken by the
Department of Science and Technology of South Africa coupled with a Next
Generation Nuclear Power (NGNP) reactor as process heat source. The primary
process means of commercial hydrogen production are identified and evaluated with a
detailed account description of the HY'S process. This is done in order to establish the
optimum operating conditions to enhance the overall system performance applicable

to the decomposition reactor.

2.2 Drivers for Energy Research and Development in South Africa

At present, South Africa is undertaking a major drive in energy research and
development. During the South African Hydrogen Economy and Fuel Cells Indaba
held on the twenty-fourth of May 2005, the Minister of Science and Technology, Mr

Mosibudi Mangena remarked on the following in his speech [11]:

“We have chosen to embark on a journey of bringing issues relating to the
hydrogen economy to the forefront in our country. To this end, my department
identified the Hydrogen Economy and related Fuel Cells technologies as a
‘Frontier Science and Technology’ area that could potentially change the
innovation course of the country’s natural resources, and yield multiple social
and economic benefits”.

“Hydrogen and fuel cells are believed to be the energy solutions for the
twenty-first century, by enabling clean efficient production of power and heat
from a range of primary energy sources”.

The main reasons for the current drive in energy research and development in South

Africa are;

e Eskom, South Africa’s leading power supplier has reached the limits of its

available electricity generation capacity.
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e The environmental impact of coal-based power stations contributes to more
than 75% of South Africa’s greenhouse gas emissions that result from energy

generation and use.

¢ A third of the population does not have access to a reliable source of energy.

Recently the White Paper on the Energy Policy of South Africa was delivered to

address the above-mentioned factors [12]. The five main objectives are:

¢ increasing access to affordable energy services;

e improving energy governance;

e stimulating economic development;

¢ managing energy-related environmental impacts; and

e securing supply through diversification.

The security of supply through diversification has to be addressed by investigations

and research into the following fields:

e clean coal technologies;

e safe and efficient cooking fuels and appliances;
e bio-fuels and alternative fuels to gasoline;

s the PBMR; and

¢ hydrogen and fuel cells technologies.

The need for hydrogen technologies research, to enable its harnessing as an important

future supplier of energy in South Africa, is therefore undeniable.

2.3 High-Temperature Gas-Cooled Reactors

The use of nuclear technology as a driver for the process heat application of hydrogen
production is important to consider because of the thermal constraints imposed with
regard to the specific hydrogen production process type that is chosen. One type of the
NGNP reactors that have been identified for its safe and reliable operation as well as

for its efficient and economic generation of energy is the High-Temperature Gas-
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Cooled (HTGR) reactor. Approximately four decades of research have contributed to
the current design of HTGRs, which includes operational experience regarding six

prototype reactors [13].

Some of the most important features of the concept of HTGR reactors include the

following [14]:

e electricity production;

¢ high temperature production of heat up to 1000°C;

e high temperature production of steam of about 530°C;
e fundamental safety features; and

e prospective for economic attractiveness.

The use of a HTGR with an industrial power plant will have the option of three

energy connection points:

e high-temperature heat;
e low-temperature heat; and

o clectricity.

With regard to the electricity production, steam turbines can be used with efficiencies
of between 40 and 43%, while the implementation of gas turbines could provide
efficiencies of approximately 48%. The combination of gas and steam turbines could
provide efficiencies of 50%, while cogeneration applications could supply efficiencies

of between 80 and 90% [15]

The successful application of a HTGR for process heat related utilisation will require

the following:

e Most of the chemical process reactions (endothermic reactions) will require a
gas outlet temperature of 950 to 1100°C.
e The inlet gas temperatures should vary between 350 and 500°C, in order to

use the recuperation heat of the product gas.
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e The system pressure should be low enough to ensure the efficiency of the
chemical process reactions are raised.

e The reduction of the risk of radioactive release should an accident occur
would require a separate operation between the nuclear and the chemical

system.

2.4 Hydrogen Production Methods

Small-scale production of hydrogen is generally achieved by the process of
electrolysis of water, which has been well recognised [16]. In areas where low-cost
electricity is offered though, this process becomes more feasible for large-scale
production. The process of converting electricity to hydrogen using the process of
electrolysis is quite high at approximately 80%. Unfortunately, the efficiency of
converting heat to electricity, be it by means of nuclear, fossil, or geothermal process
varies between 30 and 50% [8] As a result of this, the overall conversion efficiency of
the heat — electricity — hydrogen process steps drops to between 24 and 40%.
Generally, the hydrogen production costs through electrolysis are quite high. Thermal
energy can be used to substitute for some of the electrical energy if the electrolysis is
carried out at temperatures of 700 to 900°C. Hydrogen production costs through this
method could be lower than conventional electrolysis because the process heat is
more economical than electricity. An additional incentive is that enhanced chemical
kinetics are achieved within the electrolyser because of the higher temperatures. The
improved kinetics is an important contribution that the higher temperatures make to

the process because a reduction of equipment size and inefficiencies are attained.

The use of direct thermochemical processes for hydrogen production using nuclear
energy can be generalised by the net reaction in which heat plus water yields
hydrogen and oxygen [8, 17, 18]. If high temperatures in the range of 750°C and
beyond are used, low production costs are realised, as well as high conversion
efficiencies from heat to hydrogen. The rate of the chemical kinetics are increased as a
result of the temperature, and for this reason, a smaller plant size will be required and

thus lower capital costs.
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2.5 Thermochemical Cycles

Different process routes for the production of hydrogen from other thermochemical
processes exist. By far the most important question to be answered in addressing
hydrogen production technologies is the production on a large scale in such a manner
that satisfies safety requirements, environmental impact, and economic
competitiveness compared to other hydrogen production processes. One of the
promising initiatives for hydrogen production is the use of thermochemical cycles.
Thermochemical cycles produce hydrogen and oxygen through a series of

thermochemical reactions.

H20—>H2+%02 (1)

The products are derived from water at a much lower temperature than direct thermal
decomposition. The energy supply is delivered in the form of heat and used to drive
the endothermic reactions at a specific temperature range. The temperatures usually
vary between 750°C to 1000°C. An important factor to note is that the chemicals used

in the process are also recovered and recycled continuously.

The reason thermochemical cycles are considered a promising initiative for hydrogen
production is because of the promise of acceptable efficiencies and the option of
scaling to large capacities. Another advantage that thermochemical cycles possess is
the potential for lower costs than conventional electrolysis of water. The cycles were
extensively investigated between the 1960s and 1980s with over 200 cycles that have
been investigated [19]. Unfortunately, a large amount of these cycles were found to be
unworkable, requiring extremely high temperatures, and considered inefficient.
Owing to recent advances in materials and chemical technology development over the
past two decades, there is significant potential for process improvement of the cycles

previously identified as promising.

Two families of thermochemical processes were identified for their potential high

efficiencies and feasibilities, supporting the possibility of producing hydrogen at a
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cost competitive with that of petrol. These are the sulphur-based family cycles and the

calcium-bromine cycle.

2.5.1 Sulphur-based Cycles

The sulphur-iodine, sulphur-bromine hybrid and hybrid-sulphur cycles are known as
the sulphur-based family of thermochemical cycles. This family of cycles has
demonstrated high performance potential and is currently being investigated in South
Africa, the United States, Japan, and France. The primary reason for this interest is the
projected high efficiency of the cycles. The cycles are operated at high temperatures
and the heat is provided by NGNPs. Efficiencies of over 40% are possible and
improvements have been proposed that could improve cycle efficiency to as much as
60%. These cycles are also considered the most developed and supported, with
extensive research being done, and have the potential for multi-cycle variations. The
sulphur-based cycles have also been extensively demonstrated at laboratory scale to
confirm their performance characteristics. Of all the sulphur-based cycles, the hybrid
sulphur cyéle is among the least complex of any of the thermochemical cycles that
have been researched and demonstrated [19]. The two-step process involves only

sulphur compounds, water, hydrogen, and oxygen.

2.5.2 Calcium-bromine Cycle

The calcium-bromine cycle’s process steps have been demonstrated and involve lower
peak temperatures and solid gas reactions. The cycle is considered secondary to the
sulphur-based family of cycles because it is projected to have a lower overall
efficiency and is technically much more complex. It also does not enjoy significant
ongoing research, in contrast with the sulphur-cycles that have been selected as the

preferred process route.
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2.6 The Hybrid Sulphur Process Description

The Westinghouse Sulphur Cycle, also known as the Hybrid Sulphur Cycle or HyS, is
a two-step thermochemical cycle for decomposing water into oxygen and hydrogen.
This process was originally developed in the early 1970s by the Westinghouse
Electric Corporation [18, 20]. In 1983, however, work on the process was terminated.
This was mainly due to the rich availability of hydrogen from the steam reforming of
natural gas at low prices, in conjunction with diminished interests in developing
advanced nuclear reactors. A study undertaken in 2002 reviewed all known
thermochemical hydrogen production processes and comparative evaluations of the
leading contenders were done [17]. In total, 822 separate references were cited in the
study, with 115 different unique cycles identified. The cycles were assessed according

to a set of numerical criteria, which found the Hybrid Sulphur Cycle to be ranked first.

In essence, the process makes use of two major unit process operations: an
electrolyser and a chemical decomposition reactor. The energy requirements of the
decomposition reactor are provided by high temperature process heat generated by the
PBMR. The transfer of energy is done by hot helium gas at a temperature of 900°C
exiting the PBMR. The gas should reach the decomposition reactor at a temperature

of 870 °C because of heat losses at a pressure between 8 and 9 MPa.

The process makes use of two general chemical reactions for the production of
oxygen and hydrogen. Oxygen production occurs when sulphur trioxide is thermally

reduced, which is obtained from the thermal decomposition of sulphuric acid [20]:

H,80, & SO, +H,0 and SO, (—)%02 +S80, )

The reaction can be simplified even further when the decomposition of sulphuric acid
is viewed in two sub-steps. In the first step, sulphuric acid decomposes into water and
sulphur trioxide in the absence of a catalyst and a temperature of 400°C to 500°C, and
in the second step, sulphur trioxide is reduced catalytically into oxygen and sulphur

dioxide according to the following reactions [21]:
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H,S0,(g) &> H,0(g)+S0,(g) AH s =+97.54 kJ | mol 3

SO,(g) <> SO,(g) +% 0,(g) AHy, =+98.92 kJ / mol 4)

At temperatures above 730°C (roughly 1000 K), the equilibrium for reaction 1 lies to
the right. Vérious catalysts have been investigated and can be used for accelerating
the rate of sulphur trioxide reduction to sulphur dioxide and oxygen. The sulphur
oxides formed during the reactions that occur in the cycle serve as recycled
intermediates within the system. The cycle is completed by using the sulphur dioxide
dissolved in concentrated sulphuric acid (50 to 70 wt %), to depolarise the anode of
the electrolyser cell. Sulphuric acid, rather than oxygen is produced as product at the
anode. Hydrogen protons migrate across the electrolyte and hydrogen gas is produced

at the cathode. The overall electro-chemical reaction is:

2H,0+S80, - H, +H,50, 5)
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_Power Generation it
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Figure 4: A simplified flow diagram of the HyS process

The individual reactions are:
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0

Cathode: 2H"+2e — H,
0.00

Volts (6)

Anode:  H,S0,+H,0—2H" +H,50, +2e” —0.17 Volts @)

Even though the electrolyser requires power, thé quantity required is much less than
that of conventional electrolysis (approximately 15%) [20]. Although the equilibrium
voltage is low in dilute concentrations, it increases with concentration and
temperature. In dilute concentrations and at 80°C the voltage required is
approximately 0.2V but can be higher at higher temperatures or concentrations. The
actual operating voltage is however higher, presently at levels of between 0.7V to
0.8V. A significant amount of commercial electrolysers requires as much as 2.0 V to
decompose water, compared to the theoretical voltage of 1.23 V. This is in contrast to
the power requirement of reaction 4, which requires 0.7 volts at unit activity for
reactants and products. High thermal efficiency can be achieved in the electrolyzer

due to the reduction in heat and work required for the decomposition of water.

2.7 Previous Studies Undertaken

A study by Spewock, Brecher, and Talko investigated the thermal catalytic
decomposition of sulphur trioxide to sulphur dioxide and oxygen [22]. Part of the
study was done to investigate the effect of two different catalysts on the reaction rate.
Owing to proprietary reasons, the catalysts were only referred to as WX-1 and WX-2.
The reaction order for each catalyst was determined by testing the integral reactor data
obtained in their research against integrated mass balances and reaction rate
equations. Subsequent to the reaction order determination, the rate constant was
expressed as a function of a reaction group, which contained a complex function of
initial and final sulphur trioxide concentrations. These concentrations also varied with

reaction order.

The mass balance constructed over the differential volume element of the reactor is as

follows:
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F—=—-4_-r (8)

The assumption was made that the decomposition rate is first order with respect to

SO3 concentration, which gives:

rxn

o =k Cso, = (ki ) x=k-x ©)
Substituting delivers

dx k
a’_g = —{—jx 10)

(.{Jze{ﬂg i

The mole fraction of SO; that leaves the reactor is expressed as

X, :xo.e'[s_kv] (12)

The Arrhenius equation is used to model the reaction rate constant, k, according to:
k=A% (13)

A semilog plot of /n(x¢/x1) vs 1/T can then be used to determine the activation energy

E, and the pre-exponential factor, A. Equation 11 then becomes:

In ln(i‘)—] =—1n&—£-—1—
X A RT

Subsequent to the derivation of the modelling equations, the pre-exponential factor

(14)

and activation energy were determined. This was achieved by plotting curves of

In(xo/x) versus 1/T using data obtained with the catalysts. For catalyst WX-1, this plot
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gave a slope of 27.49 deg'l. This yielded a value of 54.5 kcal/mole for the activation
energy. A value of 7 657x10" hr! for the pre-exponential factor was obtained at the
intercepts. The expected conversion that can be obtained with catalyst WX-1 at

various temperatures and space velocities is illustrated in Fi gure 5 below.

- of Tnterest \

= in Heat o\

* Exchanger
Design

Figure 5: Predicted sulphur trioxide conversions at atmospheric pressure over WX-1 catalyst

This indicates that catalyst WX-1 is a poor catalyst at temperatures below 900°C, even
at relatively high space velocities. For catalyst WX-2, the activation energy was
determined as 17.46 kcal/mole and the pre-exponential factor as 2.45x10° hr' for

space velocities of 30,000 hr”! and 60,000 hr™.

2.8 Catalyst Activity and Stability

As mentioned previously, the decomposition of sulphuric acid involves the non-
catalytic thermal decomposition to SO; and H,O at temperatures above 350°C,
followed by the reduction of SO; to SO,. This reduction step will not take place in the

absence of a catalyst, even if favourable operating temperatures are maintained.

The decomposition reaction environment is extremely harsh, and for this reason,

catalyst stability is an important consideration. Some of the factors include exposure
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to high temperatures, corrosive chemicals, high-temperature steam, oxygen, SO3, and

SO,.

In a study by Ginosar et al, three catalysts were investigated by exposing them to
reaction conditions similar to the design constraints of this investigation [23]. The
catalysts used were 0.1-0.2 wt% Pt supported on alumina, zirconia, and titania. The
results indicated that the catalysts with the higher surface area, that being Pt/Al,O;
and Pt/ZrO,, had the highest activities of the catalysts but deactivation occurred
swiftly. The catalyst with the lower surface area, Pt/TiO,, proved to have good
stability in short-term tests performed, but failed to uphold activity for tests of 200h of

uninterrupted operation.
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Figure 6: Comparison of catalysts

In a study by Noglik, the production of hydrogen from water using solar energy was
investigated [24]. Of interest were the SO; conversion levels obtained using a Fe;O;
catalyst that gave exceptional conversions at temperatures of 900°C. This can be seen

in Figure 6.

In a study by Westinghouse regarding a potential candidate catalyst, the successful

candidate was required to fulfil two major criteria [25]:
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e Sufficient activity to produce near-equilibrium conversions; and
e The ability to maintain near-equilibrium conversions over an extended period

of time

Based on the above-mentioned criteria and experimental results obtained, catalyst
ALFA-4 (iron oxide) was selected because of its satisfactory performance and low
cost. Near-equilibrium conversions were obtained with the catalyst at temperatures
above 1123 K, based on the extensive experimental studies executed. It was, however,
noted that at temperatures below 1023 K sulphur was detected on the catalyst. It is
believed that the H,SO4 feed reacts with the substrate or the iron oxide catalyst, and in
the process, the catalyst may become poisoned, and its performance may degrade.
Due to the limited application of the catalyst at temperatures below 1023 K, the heat
exchanger — reactor configuration may become constrained at reduced operational
temperatures of a PBMR. With an outlet temperature of ~900°C or about 850°C to the
decomposer after heat exchange, the room allowed for the decomposition reaction to
take place before reheating of the stream occurs become very limited. This could

imply many stages of reheating, piping etc.

At temperatures above 1073 K, satisfactory conversions were achieved. For catalyst
ALFA-4, the activation energy was determined as 46,924 cal/gmol and the pre-
exponential factor as 3.75x10" hr'l. The catalyst that has been selected for use in this
research project’s design is the ALFA-4 catalyst because of its stability and

performance when compared to other commercial catalysts available.

Extensive research has still to be done, in order to develop a suitable catalyst. To
date, test runs on catalyst lifetime of only approximately 500 hrs have been done,

while 20,000 hrs are required for a commercial catalyst.

2.9 Current H,SO, decomposition approaches

Although various H,SO, decomposition approaches are available on laboratory scale
as well as others that show potential on a larger scale, three decomposition reactor

approaches can be identified for this purpose:
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e Sandia Bayonet design
e Shell and Tube decomposer

e Ceramatec compact decomposer design

The Sandia Bayonet reactor consists of one closed ended SiC tube which is co-axially
aligned with an open ended SiC tube [26]. This arrangement provides two concentric
flow paths, as indicated in Figure 13 where its application in contrast to inter-stage
heating is discussed in Section 2.9. In an effort to enhance heat transfer a baffle tube
may be included, with high temperature external heat application, except near the
open end. At the open end of the annulus concentrated liquid H,SOy4 is fed, from
where it is vaporized before it passes through the annular catalyst bed for the
decomposition reaction to take place. The SO,, O, and H,O vapor product returns
through the center of the Bayonet reactor where it loses its heat to the feed through
recuperation. A partially condensed and cooled product exits through the open end

into a metal manifold at a temperature low enough to enable the use of PTFE seals.

A ceramatec compact decomposer design involves making use of a ceramic high-
temperature heat exchanger as a sulphuric acid decomposer. The inner walls of the
decomposition channels of the decomposer are coated by a catalyst which is used to
decompose the SO; to SO, and O,. Both the heat exchanger and decomposer are made

of silicon carbide (SiC) [27].

Another alternative is to design the SO; decomposer in the form of a shell and tube
type heat exchanger under a countercurrent contact between the process stream and
the helium flow. This ensures a large heat transfer surface is achieved and a
temperature difference within the decomposer is achieved. The tube side is packed

with catalysts and this is also where the decomposition of SO; takes place.
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CHAPTER 3 Equilibrium Conversion Calculations

3.1 introduction

As a first step in the design of a chemical reactor, a preliminary evaluation of the
possible equilibrium conversion that can be achieved for the desired chemical
reactions should be undertaken. The outcome may determine whether an experimental
investigation of a new process is worthwhile. Similarly, the equilibrium conversion of
a reaction provides a goal by which to measure improvements in a design process.
Even though reaction rates are not susceptible to thermodynamic treatment,
equilibrium conversions are [28]. It is for this reason that the aim of this chapter is to
determine the effect of temperature and pressure on the equilibrium conversion of
sulphur trioxide to sulphur dioxide. Once this is completed, the data will be used in
Chapter 4, in order to express the rate of the reaction as a function of conversion, and
subsequently solve the major design equations, to enable the sizing of the reactor

system within the frame of the given design limits.

3.2 Gibbs Energy Method

Before calculating the possible equilibrium conversion that can be obtained, the
equilibrium constant of the reaction needs to be determined. One way to describe the
equilibrium position of a chemical reaction is to present the concentration of the
reactants and products at that point. This is done by expressing it in terms of an
equilibrium constant expression, which relates concentration of reactants and products

at equilibrium at a given temperature to a numerical constant [29].
The equilibrium constant K can be calculated at any temperature by making use of:
¢ the standard heat of reaction; and
e and the standard Gibbs-energy change of reaction at a specific reference

temperature.

K can be solved by the following equation:
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e —InK=AG /RT (15)

where K is also represented by the equation

[ J K =K0 Kl K2 (16)

The first factor (Ko) in the equation corresponds to the equilibrium constant at

reference temperature To:

—AG’ ~
. KOECXP[ Rg()] a7
0

The second factor (K;) acts as a multiplier that compensates for the effect of
temperature. The product of Ko'K; then represents the equilibrium constant at a

temperature T, with the assumption that the heat of reaction is independent of

temperature [28]:

e K = exp[/ig?o [l—%ﬂ (18)

The third factor (K;) is introduced to compensate for the smaller temperature

influence that arises as a result of the change of AH with temperature:

a T ©
ACp. dT+j———ACp E] (19)

1T
e K =exp|—
2 p{ TJ{ R R

o

K can be further reduced to:
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K, =exps
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\

%Acnz

{1

(T—l) (T+2) 1AD(T—1)2

T

217

2
T

(20)

The equilibrium constant values for the temperature interval between 300K and

1500K were calculated and displayed in Table 2, along with the various Gibbs

energies for each of the components involved in the decomposition reaction.

Table 2: Equilibrium constant values for SO; decomposition reaction

300

-371320

4.85E-13 |

-47281 -61530 -28.35
400 -499320 -396750 -82500 61320 -18.44 |19.83E-09
500 -527290 -423330 -104270 51825 -12.47 | 3.85E-06
600 -556470 -450820 -126640 42330 -8.49 |2.06E-04
700 -586800 -479120 -149530 32915 -5.66 |3.50E-03
800 -618170 -508160 -172890 23565 -3.54 | 0.0289
900 -650450 -537900 -196710 14195 -1.90 | 0.1500
1000 -683510 -568210 -220890 4855 -0.58 | 0.5577
1100 -717370 -599030 -245410 -4365 0.48 | 1.6117
1200 -751990 -630340 -270300 -13500 1.35 | 3.8693
1300 -787110 -662160 -295390 -22745 2.10 | 8.2015
1400 -822980 -694420 -320860 -31870 2.74 | 15.4550
1500 -859390 -727040 -346540 -40920 3.28 | 26.6038

Once the equilibrium constants have been obtained, the equilibrium conversion can be
calculated. The first step taken to determine the equilibrium conversion of SO3 to SO,
as a function of temperature and pressure is to obtain the various 7,, P, and w values

of the decomposition reaction components. These values are shown in the following

table.

By making use of the data in Table 3, the 7}, P, BO, B! , and Omega values for SO3,

SOz, and O, can be calculated. The following equations are used:

Table 3: Thermodynamic values of SO, SO,, and O,
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« T=T/T, @1)
e P=P/P (22)

0.422
e B°=0.083 —TE (23)

0.172
e B =0'139_W (24)
o J=exp —PL(BO +a)Bl) (25)

T

r

The temperature interval selected was 100 K and the temperature range 300 K to 1300

K. The standard pressure was set at 1 bar while the operating pressure was set at

values of 1 bar, 3 bar, 30 bar and 90 bar. The thermodynamic values of SO3, SO,, and

O, are given in Table 40 to Table 51 in Appendix A.

With the omega values determined, the equilibrium conversion can be calculated by

setting equation 26 equal to equation 27, and determining the mole fraction Y for each

component.

° (ﬁj— : K. &ﬁj
[ Po ¢soz '¢02 '

Y.

0.5
s0, Yoz

Yoo,

The mole fraction for each component is calculated as follows

M +(VSO3 -&‘)

o Y =
s0,
n,t (VTOT & )
e Y. = nist + (VS‘OZ ) 8)
50,

- nimr +(VT0T .8)

o8 + (VOz . &‘)

o Pior +(VT0T '5)

(26)

@7

(28)

29

(30)

The Chemical Reactor for the Decomposition of Sulphuric Acid for the Hybrid Sulphur Process




Chapter 3: Equilibrium Conversion Calculations Page 29

where € represents the extent of the reaction and it is also the variable that changes to
allow the two equations (equation 26 and equation 27) to be set equal to each other.
The final mole fraction values and equilibrium conversion values are then calculated,

as displayed in the tables below.

Table 4: Mole fraction and equilibrium conversion values at one-bar pressure

Y(S0O3)

Y(SO.)

Y(O,)

X

0.993414

0.00439

0.002195

0.006586

0.957705

0.028197

0.014098

0.042295

0.840858

0.106095

0.053047

0.159142

900

0.61419

0.257207

0.128603

0.38581

1000

0.356536

0.428976

0.214488

0.643464

1100

0.178032

0.547978

0.273989

0.821968

1200

0.086812

0.608792

0.304396

0.913188

1300

0.043877

0.637415

0.318708

0.956123

Table 5: Mole fraction and equilibrium conversion values at three-bar pressure

Y(S0;)

Y(S0,)

Y(0,)

X

0.995507

0.002996

0.001498

0.004493

0.970297

0.019802

0.009901

0.029703

0.886003

0.075998

0.037999

0.113997

900

0.706523

0.195651

0.097826

0.293477

1000

0.466255

0.35583

0.177915

0.533745

1100

0.262212

0.491858

0.245929

0.737788

1200

0.137957

0.574695

0.287348

0.862043

1300

0.072608

0.618262

0.309131

0.927392

Table 6: Mole fraction and equilibrium conversion values at thirty-bar pressure

T (K)

Y(S0O;) |

Y(SO,)

Y(O,)

X

600

0.998051

0.001299

0.00065

0.001949

700

0.985075

0.00995

0.004975

0.014925

800

0.945508

0.036328

0.018164

0.054492

900

0.844417

0.103722

0.051861

0.155583

1000

0.681855

0.212096

0.106048

0.318145

1100

0.484472

0.343685

0.171843

0.515528

1200

0.312139

0.458574

0.229287

0.687861

1300

0.188195

0.541203

0.270602

0.811805
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Table 7: Mole fraction and equilibrium conversion values at ninety-bar pressure

T(K) | Y(S03) | Y(S02) | Y(02) X
600 | 0.998501 | 0.001 | 0.0005 | 0.001499
700 | 0.991027 | 0.005982 | 0.002991 | 0.008973
800 | 0.961793 | 0.025471 | 0.012736 | 0.038207
900 | 0.89087 | 0.072754 | 0.036377 | 0.10913
1000 | 0.762444 | 0.158371 | 0.079185 | 0.237556
1100 | 0.592913 | 0.271392 | 0.135696 | 0.407087
1200 | 0.419452 | 0.387032 | 0.193516 | 0.580548
1300 | 0.275572 | 0.482952 | 0.241476 | 0.724428

A plot of the equilibrium conversion obtained for the decomposition reaction
SO3—S80,+0.50, with temperatures at different operating pressures is shown in
Figure 7. The plot clearly indicates the tremendous impact that elevated pressures
have on the equilibrium conversion that could be achieved. It is therefore clear that
the lowest operating pressure will result in the highest conversion possible.
Examining the equilibrium conversions achieved, an operating pressure of 3 bar has
been selected as the operating pressure for the reactor. This pressure allows for a
conversion of between 70 and 80%, at an operating temperature of 870°C, and

sufficient pressure drop across the reactor system.
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Figure 7: Equilibrium conversion of SO; to SO, as a function of temperature at various pressures

In order to validate the calculations that were done on the equilibrium conversion of
the decomposition of SOs, a study by Parma et al. was consulted [30]. Amongst
others, the equilibrium conversion for SO; decomposition to SO, was determined as a
function of temperature for operating pressures of 1 bar, 3 bar, 6 bar, and 12 bar. The
results that were obtained by Parma et al. for the operating pressures of 1 bar and 3
bar were compared to those achieved using the Gibbs free energy method. The results
were identical, with both the 1-bar (operating temperature 700°C) and 3-bar
(operating temperature 800°C) operating pressures yielding a 60% and 70%
conversion respectively. The equilibrium conversions calculated by Parma et al. and

confirmed by measurements at 1 and 3 bar are shown in Figure 8 below.
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Figure 8: Equilibrium conversion as a function of temperature as performed by Parma et al.

3.3 Equilibrium Constant Method

In addition to the Gibbs energy method that was used to solve for the equilibrium
conversion as a function of temperature and pressure, there is another method that can
be used to validate the results obtained using the Gibbs energy method. This method
entails using equilibrium constant data at a specific temperature along with a
correlation that describes K, in terms of temperature, pressure and most important of

all, equilibrium conversion.

The two equations described above were then set equal to each other, to obtain the
equilibrium conversion at various temperatures and pressures. The first equation that
is used is shown below, using an experimentally determined K, value of 0.041 at a

temperature of 973 K (Oakridge Laboratories).

Kc=Kc(Tz)exp[A;I’x [TL——;:H €2}

The following empirical equation can be derived from the equilibrium data:
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0.5
486-10° 7. X, 13| | g610% .5 05K ) 173
1+0237-X,, ) T 1+0237-X,, ) T

Ke=
1-X,, ].1173

4.86-107°-P,
1+0237-X,, ) T

(32)
The equilibrium conversion can be determined at different temperatures and
pressures. Values for the equilibrium conversion were determined at pressures of 1

bar, 3 bar, 30 bar, and 90 bar to compare it to those determined using the Gibbs

energy method. These values are shown in Table 8 to Table 11.

Table 8: 