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The hydrogen economy is a possible component of an energy future based on use of alternative 

and renewable energy sources, deemed desirable from the general consensus of the worldwide 

community that we do not want to further exacerbate the climate problems that we have 

introduced over the last two centuries from burning fossil fuels.  The burning of fossil fuels emits 

toxic pollutants into the air, such as sulfur compounds and oxidized forms of nitrogen (NOx) but 

also emit copious amounts of the inert carbon dioxide. The latter is widely recognized as the 

major cause of the global warming phenomenon.  

For a hydrogen economy to develop, efficient means of hydrogen generation are required. 

Thermochemical cycles were conceived in the 1960s but only one operating pilot plant and no 

commercial installations based on the processes have been built.  In the present work the use of 

a membrane reactor to enable the newly conceived Sulfur-Sulfur cycle, based on equations 1 - 3 

is modeled.  



 
 

 

4H2O+4SO2 -> H2S + 3H2SO4  Eq. 1 

H2SO4 -> SO2 + H2O + 1/2O2  Eq. 2 

 H2S + 2H2O -> SO2 + 3H2  Eq. 3   

 

The rationale for the use of a membrane reactor to enable the cycle is based on enhancing extent 

of reaction beyond its predicted equilibrium point due to the severely unfavorable 

thermochemical parameters for the steam reforming of hydrogen sulfide reaction (Eq. 3 above) 

which has a low equilibrium concentration of products. The membrane reactor will employ a 

molybdenum sulfide catalyst driving the steam reformation of hydrogen sulfide reaction and 

simultaneous extraction of hydrogen (one of the products) will allowing for the reaction to occur 

to higher extent.   

A computational model of a catalytic membrane reactor was constructed using the well-known 

finite element model package Comsol v4.1 in which a catalytic microchannel reactor separated 

from a sweep gas by a thin hydrogen permeable membrane is built and parametric sweeps to 

evaluate the effect of membrane transport parameters, pressure and gas feed velocities are 

calculated.  Though the steam reforming of hydrogen sulfide reaction has a competing thermal 

cracking reaction, the present work focuses on modeling one reaction only (the steam 

reformation reaction) for simplicity. Fully dense metallic membranes with chemselective 

permeability to hydrogen are modeled with transport parameters derived from reported 

literature values for similar applications.   

The results show that employing a membrane reactor does significantly affect the completeness 

of the reaction by product extraction (if you do run the model with membrane transport set to 

zero, compare the extent at zero with extent at 3.6x10-6 mol.s-1.m-2).  The effect of changing 

sweep gas velocity is contingent on membrane properties, and membranes with small diffusion 

coefficients severely limit the ability of extraction of hydrogen from the feed.  Therefore, it is 

more important that membranes with very high hydrogen permeability be employed in designing 

a reactor to implement this process, allowing for effective hydrogen separation and high 

conversion of the reactants in the process.  Reactor pressure has minimal effect on the extent of 



 
 

reaction and therefore reactors designed to implement the process may be designed to operate 

at close to ambient pressure.   
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Preface: 

It is my intention when writing this thesis for it to not only be an example of a novel technique 

being applied to part of the newly developed Sulfur-Sulfur cycle, but as a resource for anyone 

that is doing research in thermochemical splitting cycles or membrane applications.  

Who should read this thesis? Persons interested in computational modeling using version 4 of 

COMSOL. People interested in the history and a thorough summary of thermochemical cycles, 

the literature review offers an excellent resource from 1965 to present.  The mathematical model 

and dimensionless numbers chapter/section can be a resource for those interested in 

microreactor designed and membrane separation.  
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Chapter 1 Introduction 

The newly proposed Sulfur-Sulfur cycle was developed by Nicholas AuYeung and Alexandre 

Yokochi here at Oregon State University. This cycle was developed in an attempt to avoid the 

energetically costly step of breaking the azeotrope in the Sulfur-Iodine cycle.  A main energy 

intensive step in the Sulfur-Iodine cycle is breaking of this azeotrope; a trade off from the Sulfur-

Bromine cycle, where it is more difficult to thermally decompose the hydrogen bromide.  This 

thesis applies to a step in the cycle where hydrogen sulfide is generated and needs to be 

decomposed to produce hydrogen. There are two methods to do this, steam reformation and 

thermal decomposition. Thermal decomposition is a much more studied reaction; much 

research has been conducted for the sweetening of sour natural gas.  The main goal of that 

research is simply to eliminate hydrogen sulfide from the product stream to avoid combustion 

of sulfur products, generally emphasizing burning the produced hydrogen on site. The steam 

reformation reaction is only known to have been studied here at Oregon State. This is because it 

has an entirely new application, that of hydrogen generating. As seen in equations 2.3.1 and 

2.3.2, three times the amount of hydrogen is generated via steam reformation than of thermal 

decomposition.  This is what can make or break the cycle, the ability to generate 3 times more 

hydrogen. By using a microreactor and applying Le Chatelier’s principle to exploit that fact that 

this is not a favorable reaction ΔG>0 (even at very high temperatures greater than 4200K), it is 

hoped that it can be shown the ability to push the reaction to a greater extent. By extracting 

products almost instantaneously as they are produced, the reaction is able to progress pas the 

equilibrium point. The quickness of the extraction is enabled by using a microreactor where the 

mass transfer is greatly enhanced.  Even so, the mass transfer is likely the rate limiting step for 

the reaction. The reaction is very fast, relative to the extraction rate, and reaches the 

equilibrium value quickly.1 The steam reformation is also more favorable than the thermal 

decomposition because it does not generate any solid compounds, and it products are used 

later on in the cycle. Generating sulfur in a microreactor would be highly disadvantageous, due 

to the ability to clog the small channels that are in use in microreactors.  

The purpose of this work is to attempt to demonstrate that a microreactor can be used to drive 

the reaction extent to greater completion via extraction of hydrogen.  
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   Section 1.1  Need for change 

It is apparent in today’s society that there is a global awareness that a change needs to occur, 

what we are doing to get energy is not sustainable.  Everything from acid rain to the decimation 

of the environment in the search and extraction of fossil products is a testament to the need for 

change. This is not only non-sustainable as a means of using a nonrenewable resource but also 

in terms of destroying where we are living. Yet, this is how the world has come about, being 

fueled through the industrial revolution with coal and now with petroleum.  As of now the 

common knowledge is that petroleum reserves are limited but coal reserves are vast. This will 

eventually cause a reversion to a heaver dependence on coal. 

With the discovery of modern fossil fuel processing techniques, we became less and less reliant 

on our energy supply coming from animals, humans, wood, water, and wind. It is obvious that 

only out of necessity do we rely on sustainable means of energy production.  

“In the preindustrial cities of 1850, American consumed the equivalent of a ton of coal 

per person per year. That ton per person represented less than 10 percent of the total 

energy consumed our major source of energy was animal power.”2 

Now it was possible to have cheap, on demand energy (electricity).  As the phase out came into 

being from the 1850s to the early 1900s petroleum became commonplace in every American 

life.  It began to control not only how we commute, as most people think of internal combustion 

cars, but how we live. The development of the urban sprawl is a product of the petroleum 

boom, it was now possible to cheaply and quickly live quite a distance from where you work – 

you can drive.  Not only this, but petroleum based transportation also enabled us to transport 

food and other needed commodities to these now large developing cities.  This was the first 

time in history that the majority of the America population lived within close association of a 

city.   

“The shape of the American city was greatly influenced by its changing fuel base. When 

wood was supreme the cities were isolated villages. King Coal transformed them into 

giant industrial cities. Petroleum created the sprawling suburban cities.”2  

Petroleum created the suburban cities with the entire infrastructure associated with the 

modern city. We can say that essentially everything in today’s industrial/transit is a product of 
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the petroleum revolution.  It is important to understand how petroleum affected the 

development of transportation and industry, for this is the infrastructure that the next 

generation of fuels is often held to. These fuels are mostly biofuels, ones that are liquid at 

standard temperature and pressure, as gasoline is.  However, just because a large highly 

developed infrastructure exists, does not necessarily mean that it is the correct method for 

energy distribution.  As the rapid growth instilled as is seen in figure 1.1.1, with the initially 

extremely cheap oil, an efficient infrastructure was likely of no consequence at the time. 

 

 

Figure 1.1.1
2
  

Oil and other fossil fuels are essentially free, the only cost being that of discovery, extraction, 

and refrainment. Currently it is both an energy source and its derivatives are energy carriers.  

Hydrogen, as being proposed in this thesis, is not an energy source, but an energy carrier.  This 

energy carrier could be used to fuel nearly all things in a much more effective manner without 

the subsequently greenhouse gas generation, carbon dioxide.  Hydrogen as an energy carrier 

would not replace electricity it would occur on a case by case basis. Also hydrogen does not 

have as many storage problems that electricity has. On site fuel cell systems can be used to 

efficiently generate electricity to meet demand or vice versa with electricity being utilized in 
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some applications to generate hydrogen via electrolysis. There are many unknowns in the exact 

mechanics of the hydrogen economy and likely will vary depending on location and application.   

The term hydrogen economy describes a society that used hydrogen as the main energy carrier. 

The immediate future for the so called hydrogen economy is bleak, there are many hurtle and 

obstacles in the way, but as with what hinder most things, the lack of demand. This lack of 

demand will change in the future when petroleum based commodities becomes more and more 

scarce.   

There is a demand for hydrogen currently (2006 report), which amounts to 0.1 Gton , 98% of 

which is generated via means of reforming fossil fuels.3  Even without a hydrogen economy this 

research is still applicable to hydrogen generation for more efficient methods and a means of 

renewable production. Hydrogen is used in the industrial setting in the following ways: 

 Fossil fuels, upgrading  

 Ammonia synthesis, harbor process 

 Methanol production  

 Metallurgy, creating a reducing environment 

 Food processing, hydrogenating fats 

  Many chemical industries, specifically hydrochloric acid generation 

 Rocket fuel,  high density energy carrier 

Fossil fuel upgrading and ammonia synthesis account for an overwhelming majority of the 

hydrogen use worldwide. Figure 1.1.2 below shows the hydrogen consumers by quantity.  
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Figure 1.1.2 
4
 

In order for renewable hydrogen production to become feasible it will have to have government 

subsidies that enable it to be competitive with steam reforming petroleum products, current 

pricing is ~$1.20/lb liquid. The developments will likely start out in the increased use of 

methane, or other compressed gas and the need to accommodate its transportation, where 

about a pipeline could be built with the foresight to accommodate hydrogen. This pipeline could 

be used in the future to support hydrogen transport.  It is not well known but hydrogen 

pipelines do exist, nearly 2000 miles worldwide. The main purpose being that of transporting 

hydrogen from production sites to oil refineries.   

Hydrogen as an energy carrier can be used in: 

 Internal combustion engines 

 Fuel cell electricity generation 

 Heat generation 

The world has experienced very slower than predicted growth with the hydrogen economy. This 

is likely due to the fact that we have not progressed with renewable energies. There had been a 

Space-
aviation 

1% 

General 
Industry 

4% 
Methanol 

8% 

Refrineries 
37% 

Amoniac 
50% 

Largest Hydrogen Consumers 



6 
 

large unexpected decline in nuclear energy development due to Three Mile Island and 

Chernobyl; in the United States nuclear plant construction halted completely.  Without means to 

generate energy renewably it is not economical to generate hydrogen from fossil fuels, 

environmentally or economically. The research incentives that have been given to renewable 

energies are trumped by the subsidies given to the oil and gas industry.  5 

   Section 1.2  Options for Hydrogen Generation 

There are many methods of hydrogen generation that will suffice for a means of hydrogen 

production. They all have tradeoffs. It should be noted that straight forward electrolysis is not a 

fossil fuel dependent option if we are generating the majority of our energy from coal, only if we 

are able to make the safe transition to nuclear energy.  

Currently the most efficient so called option for means of generating hydrogen is the steam 

reformation of hydrocarbons. This however is not sustainable.  Electrolysis is another option, 

but this requires the initial generation of electricity which already drops your efficiency 

dramatically. Another viable potential is generation from microorganisms, this is problematic 

because of direct generation and capture of hydrogen. It would be much more probable that the 

organisms would produce some hydrocarbon that is processed for hydrogen; steam reforming, 

partial oxidation, gasification, cracking, pyrolysis etc.   Thermochemical cycles present the 

potential to have very high direct conversion to hydrogen.  

   Section 1.3  Why Thermochemical cycles 

Thermochemical cycles are being proposed as one of the leaders for a means of sustainable 

production. This is because they do not depend on the availability of fossil fuels in two ways; 

they can use water and either nuclear or solar energy. When compared to the current steam 

reforming process, that requires fossil fuels for the raw material and the energy source, 

thermochemical are much more desirable.  Electrolysis is the other major competitor, and is 

reaching very high efficiencies. There have been reports from Laurence Livermore National Lab 

of efficiencies surpassing  90 percent.6 This is very high, and approaching the theoretical upper 

bound ~95%.  The draw back here is that the efficiency does not take into account the energy 

input required for generation of electricity, which is fairly low from 30%-50% depending if the 
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plant is utilizing a combined cycle. Thermochemical cycles have a direct conversion from heat to 

the product, hydrogen. This eliminates the intermediate process step of generating electricity, 

where a loss of energy occurs.  Currently electrolysis is a more investigated phenomena but the 

overall efficiency including electricity generation thermochemical cycles can play a vital role in 

the future of hydrogen generation.  

Section 1.4   Purpose  

This research has been conducted with the intent to gain insight with on how the final feed 

hydrogen concentration is affected by the following parameter manipulations: pressure affects 

hydrogen concentration, diffusion coefficient, sweep and feed velocity.  The working hypothesis 

is that by manipulating the systems parameters we can achieve higher conversion via extraction 

of hydrogen from the feed stream. This demonstrates Le Chatelier's principle. 
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Chapter 2 Literature Review 

A in-depth literature review is given in this chapter, covering work from 1960s to present (2011). 

     Section 2.1  A History of Thermochemical Cycles  

This review will be brief due to the extensive  amount of cycles that have been conceived; which 

currently amounts to over a 100.7 The idea of thermochemical cycles for hydrogen production 

dates back to the 1960’s 8. Three methods of hydrogen production were initially investigated; 

electrolysis, direct decomposition, and multistep process (now named thermochemical cycles). 

The US Army sparked this interest with fuel independence, not so different with what is going 

on today but now it is on more of a global level.  

The limiting factor to an increased efficiency in all cases was deduced to be low temperature, 

which is still true today. If we are able to operate at higher temperatures without any 

appreciable radiative losses and effective heat transfer, the processes can be simplified and 

pushed to completion much quicker. It is not only difficult to achieve very high temperatures but 

deriving a material that can withstand them as well. At standard temperature and pressure 

(STP), the process is limited by the large enthalpy, 68.3 kcal/g mol, change required to split 

water and can only be overcome by massively increasing the temperature due to the small 

change in entropy 0.039 kcal/g mol 9.  Direct thermolysis of water should occur around 4300 K 8. 

It is not favorable to evolve both oxygen and hydrogen in the same step--not only does it add 

complexity in separation but it is a hazardous operation upon unexpected cooling, such as cloud 

cover in solar application. The Joint Research Center in Ispra established the following criteria 

for evaluating Thermochemical cycles: high thermal efficiency, high conversion of chemical 

reactions, small amount of side reactions, low toxicity, availability and cost of materials, ease of 

separation, non-corrosive materials, feasible materials handling processes, maximum process 

temperature, and high rates of heat transfer. 10 It is necessary when analyzing potential 

thermochemical cycles that a few other basic ideas are kept in mind such as evolving oxygen 

and hydrogen at different steps in the cycle, avoiding the precipitation of solids, cycles that are 

amenable to economies of scale, and attempting to minimize the total amount of reactions.  

It was initially conceived that a two-step thermochemical cycle would be sufficient to generate 

hydrogen; the two main reactions considered were oxide and hydride reactions. By exploiting 
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changes in temperature it is possible to derive a set of reactions that would be as a process, 

require less energy than that of direct water splitting. This is done with use of a catalysis that 

decreases the total required heat and subsequent losses due to heat transfer and process 

characteristics for a single step. Funk stated that at the time, 1966, no compound that could fit 

the derived requirements for the two step process.8   This seems to be only partially true now,11 

materials are currently being investigated to make a two-step cycle more feasable.12 Metal oxide 

cycles utilize the property of metals that they are easily oxidized in the presence of water, which 

according to the eq 2.1.1 below shows the evolution of hydrogen. After a metal oxide is present 

it is heated to a point of decomposition, shown in equation 2.1.2 below, thus generating oxygen.  

This takes place in two separate steps, which is beneficial.  

                   Eq. 2.1.1 

 

     
          
           

 

 
      Eq. 2.1.2 

 

Metal hydrides work in a slightly different mechanism. They liberate oxygen when mixed with 

water and evolve hydrogen when heated to their thermal decomposition point.  

       
 

 
           Eq. 2.1.3 

 

     
          
           

 

 
      Eq. 2.1.4 

  
  
There was a renewed spark in interest in hydrogen energy when the 1970’s oil embargo 

occurred. The fear of not having sustainable and reliable fuel was partially expressed by interest 

in thermochemical cycles, and thereby significant research resulted, as shown in the figure 

below.9  This spark of research was sponsored by the European Communities via the Joint 

Research Center in Ispra, which led it thought three main phases of investigation. Each of these 

phases has minor variations on the theme, but are essentially the same. The first was 

investigating a mercury based cycle, which was deemed disadvantageous because of the large 

amount of mercury and the corrosive nature of  hydrobromic acid 13 that was being utilized. The 

second phase of research looked into the Iron chlorine family of reactions,  the problems with 

these reactions was the thermal decomposition of FeCl3 and the hydrolysis of FeCl2.
9 14 15 The 
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final family of reactions that was investigated was the sulfur family, a major barrier to 

development is the knowledge of the specific liquid-liquid equilibrium (LLE)  properties. General 

Atomics did extensive research with the Sulfur-Iodine cycle and phase separation, which was a 

conduit to further research. This cycle is also known as the General Atomics (GA) cycle.16  These 

trends are depicted in by the annual publications in figure 2.1.1 below.   

 

Figure 2.1.1 
9
 Thermochemical cycle publications by year; 800 total.  

A particular interesting cycle is the manganese oxide cycle.  It avoids the very corrosive nature of 

many other cycles present. This cycle has a theoretical efficiency of ~50%. 17 This cycle is does 

have a few problems, such as the necessary use of a high temperature for the thermal 

decomposition of Mn2O3, and the even more trying problem is attempting to deal with the 

multiple simultaneous oxidation states of manganese.  The favorable attributes of the 

manganese oxide cycle are the evolution of only hydrogen gas so no separation is necessary, 

and the use of fairly inert chemicals. Equations 2.1.6, 2.1.6, 2.1.7, show the Manganese cycle.18 

     

      
          

 

 
    Eq. 2.1.5 

 

           
     
                  Eq. 2.1.6 

  
 

              
     
                    Eq. 2.1.7 



11 
 

 

The United State Nuclear Energy Research Initiative (NERI) has invested interest in 

thermochemical hydrogen production. In their 2003 annual report, GA-A24285, they announced 

that the currently most promising cycles were the UT-3 cycle and the Sulfur-Iodine cycle. 7 At the 

time they stated the UT-3 cycle was the closest to commercial development. However, 

substantial research has been done with the Sulfur-Iodine cycle since. The Japan Atomic Energy 

Research Institute (JAERI) and the Japan Atomic Energy Agency (JAEA) have invested heavily and 

investigated the design of a pilot plant,19 demonstration of a bench scale fully functional 

design,20 and worked on various other aspects of the cycle for improved efficiency. 21 22 

The UT-3 cycle being one of the few that is being currently considered as a viable cycle. This 

cycle was conceived at the University of Tokyo in 1978, the cycle is shown below.23 The cycle has 

an overall thermal efficiency of  around 49.%;  48.9%24 49.5%.25  There tends to be some 

disagreement or lack of communication between the cycles efficiency from within the same 

research group.  Some of the advantages of the cycle are that hydrogen and oxygen are evolved 

in two separate stages, there are no moving solids, and a high theoretical efficiency. The 

disadvantages are that the kinetics are too slow, low equilibrium conversion, there is also down 

time when the gas switches its direction. This down time creates an efficiency barrier that could 

disable the cycle from coming to fruition. 26 The UT-3 cycle works with four solid reactors. Each 

reactor initially contains purely CaO, CaBr2, Fe3O4, FeBr3, embedded on some inert pellet 

material, for enhanced surface area. Once the reactions have commenced there is an exchange 

between the oxidized and brominated products the proceeds as a single front thought the 

reactor. Once the reaction front is near the end of the reactor, the gas direction is reversed and 

reactors are rearranged, at this point the reactor is almost entirely the opposite compound that 

it started out with (eg, CaBr2 instead of CaO).27  A cautionary point is that the temperature 

cannot exceed ~730°C because of the melting point of CaBr2, if this were it occur it could be 

catastrophic for that reactor. Equations 2.1.5 through 2.1.8 show the UT-3 cycle.  

                     Eq. 2.1.5 
 

                    Eq. 2.1.6 
 

                            Eq. 2.1.7 
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One of the main problems with this cycle is the slow kinetics of hydrolysis of CaBr2.  This is 

attributed to the difference in molecular weights of bromine and oxygen and thereby a 

difference in atomic size; when bromine replaces oxygen in the bromination step the pore size is 

reduced. CaO occupies 3.58 times less space than its CaBr2 counterpart. Thus, upon conversion 

the porous pellet essentially becomes clogged which is inhibits the diffusion of steam into the 

inner workings of the un-reacted pellet. 28  This cycle limiting step, the hydrolysis of Calcium 

Bromide, is shown in equation 2.1.6. Currently, optimization of the CaO/CaBr2 reactor is being 

investigated to achieve more desirable kinetics. 29 When the gas is required to switch direction 

and pass through different reactors at different temperatures, it causes instability in the system 

and rapid heating is needed to reach steady state operations.  In one recent analysis this 

reversal of gas flow was estimated to cut the actual efficiency in half, from 25.4% to 12.6%. 26  It 

is also necessary to use a membrane reactor to increase efficiency and drive the overall 

conversion further via extractions of products. 23, 26 For now, the UT-3 cycle represents a 

potentially viable alternative to the Sulfur-Iodine cycle, if its efficiency problems with a switching 

gas flow direction can be worked out.  

As mentioned, many of these cycles have been created on a bench scale but that is very 

different that on an industrial scale where economically feasible materials and process 

constraints must be considered. Some of the main inhibitors to the production of an industrial 

scale(or even pilot scale plant for that matter)are: use of expensive and rare materials, low 

efficiency, very high capital investment- oil is cheap still. With petroleum products as cheap as 

they are, it enables us not to move onto a hydrogen dependent economy and to fill the current 

demand for hydrogen with the well-known technology of steam reforming methane. 

It should be noted that when investigating the efficiency of a thermochemical cycle, what 

exactly one is referencing, a first or second law efficiency.  When dealing with a first law 

analysis, most papers that deal  with the use of hydrogen use the lower heating value (LHV), 

which is 241 kJ/mol, opposed to the higher heating value (HHV) 286 kJ/mol. 26 The higher 

heating value assumes you can use all of the energy of the hydrogen including the energy 

available when condensing the product water. Using a different value can change the efficiency 

of newly proposed cycles, if the HHV is used a higher efficiency will be reported. A second law 

                           Eq. 2.1.8 
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analysis is the maximum possible work, including entropic losses as part of the reduced 

efficiency.  This second law analysis uses a term coined in the 1950s called exergy, which is 

essentially analogous to Gibbs free energy but at a different reference state.  

     Section 2.2  Phase III, The Sulfur Family (Iodine Cycle) 

As mentioned above the sulfur family was introduced as phase three of the research done in 

Ispra. This phase had the designation of Mark 10 sequentially through Mark 17, omitting Mark 

14 &15. The sulfur family is made up of both direct thermochemical cycles and hybrid cycles that 

incorporate electrolysis.  This family utilized the highly endothermic sulfuric acid decomposition 

reaction, to rid the system of Oxygen (Eq. 2.2.1), and either the electrolysis or thermolysis of an 

acid to generate hydrogen (Eq. 2.2.2).  

 

The most basic cycle is the mark 11, it only involves sulfuric acid and its derivatives. In equation 

2.2.2, there is no halogen, just the polyatomic sulfate molecule and two hydrogen’s.  This Sulfur-

Sulfur hybrid cycle uses high temperature electrolysis to create hydrogen from water and SO2, as 

shown below in equation 2.2.3. This cycle has a high theoretical efficiency, >70%, but in practice 

is acts much different due to non-ideal electrolysis via over potential and cell losses. Jeong et al. 

notes in his paper of optimization of the hybrid sulfur cycle, there is a tradeoff between acid 

concentration and how it affects electrolysis vs. concentration steps. By increasing the acid 

concentration one drives the energy required for electrolysis up but reduces the amount that is 

necessary for the concentration step, less water needs to be boiled off.30  In his final remarks he 

states that further research should be done in advance electrolysis techniques for cycle 

efficiency improvement. This also seems to be the case for the Mark 13 cycle, both of which 

could be potential cycles for the future.  

 

      
      
               

 

 
   

  

           
                 
                   

 

Eq. 2.2.1 
 
 
Eq. 2.2.2 
 

        

                    
                         Eq. 2.2.3 
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The Sulfur-Iodine cycle, implied by the name, uses for the halogen X, in the equation 2.2.2. 

Bromine and iodine are the only halogens that will work with the sulfur cycle, due to the 

increased reactivity and irreversibility of the reactions formed when fluorine and chlorine are 

introduced.  Fluorine and Chlorine can react with the sulfuric acid molecule itself. Bromine was 

first used when the Mark 13 cycle was developed, which attracted a lot of attention. It was the 

first bench scale functional continuous thermochemical cycle to be created in the world.14  

The Mark 13 process was a hybrid process, using electrolysis to split HBr at a lower voltage than 

that required of direct water electrolysis, and then thermolysis to break down sulfuric acid. The 

unique aspect of the Mark 13 cycle is that it can be operated in two distinct processes; 

thermochemical, and electrolysis. Thus, it enables the thermochemical steps to be conducted 

during the sun light, then at night it can perform electrolysis, when the electrical demand is 

typically at a lull as well. 31 However the dual nature of the Mark 13 cycle, use of electricity, has 

been deemed not advantageous compared to when you have a cycle that is not reliant on 

electricity and have access to a High Temperature Gas Reactor (HTGR).  The use of electricity 

brings the overall efficiency down. The theoretical potential difference is never achieved and 

thus the electrolysis step takes much more energy than anticipated. The overall efficiency of the 

Mark 13 cycle was very low ~21%, this is back in the 1980s and there have been many advances 

in electrolysis since so a reinvestigation may be due.31  The next sequential sulfur cycle studied 

was the Sulfur Iodine cycle. The sulfur iodine cycle dealt with the problem of the large required 

energy to decompose HBr, with the tradeoff that it is no longer easy to separate the 

acid/acid/water mixture/azeotrope via distillation.16   

As mentioned in the previous section, the Sulfur-Iodine cycle has been studied extensively by 

the JAEA and the JAERI.  They have produced a continuous closed cycle bench scale reactor that 

was capable of operating 32 l/h of hydrogen for 20 hours.20  Later two more articles were 

released detailing the future manufacture of a pilot plant and plans of an industrial plant in the 

near future. These flow sheet analyses deemed the cycle economically viable with a realistic 

efficiency of 34% and with future improvements perhaps in excess of 40%. Their research and 

subsequent release of articles seemed to drop off after the 2007 detailed flow sheet, for an 

unknown reason. 19, 22  The separation of H2SO4/HI/H2O is the major problem at the moment for 
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the sulfur-iodine cycle, much research is going into how to optimize this step.  There is a 

tradeoff between phase separations of HIx/H2SO4; excess iodine induces phase separation but 

makes the reaction less spontaneous. Once the HI has been separated it becomes more 

complicated, not only is it incredibly energy intensive to boil off the water for the HI/H2O 

mixture but an azeotrope exists between hydroiodic acid and water.  Depending on pressure, 

this usually occurs between a HI mole fraction of 0.15-0.20. Figure 2.2.1 below provided by 

Vitart et al. depicts the azeotrope formed with water and hydroiodic acid.  

 

 Figure 2.2.1
32

 

Vitart el al. talks about three methods to deal with the azeotrope formed above: extractive 

distillation, electrodialysis, and reactive distillation.  All of these have problems with low 

efficiency and as stated by the author requires advancements in the membrane separation 

field.32  The final and most recent development in the sulfur family of thermochemical cycles, 

which is what this thesis will deal with, is a newly proposed Sulfur-Sulfur thermochemical cycle, 

which avoids all of the HI azeotrope problems. 33  This is accomplished by using an ionic liquid; 

this will be mentioned further in the theory section of this thesis.  
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The CRISTINA Process is a method for sulfuric acid decomposition which uses air as a heat 

transfer vector for the decomposition within an adiabatic environment – as opposed to say 

electrolysis. This is has the advantages that there is a direct contact of heat transfer materials, 

raw material and resulting chemicals,  resulting oxygen can be discharges into environment, 

materials can simply be bricks, and the process is already well known. 34 The sulfuric acid 

thermal decomposition process is well known due to the abundant literature available on 

industrial sulfuric acid production. There is a second use of SO2 aside from direct consumption of 

water. This is presented by the reverse CRISTINA Process in use with a solar powered cycle, 

where about approximately three times the required SO2 for direct water consumption is 

produced. This SO2 is then stored until a heat source is needed, the sun being down, at which 

point the reverse process is conducted (sulfuric acid synthesis). This will provide the needed 

thermal energy to make the thermochemical cycle continuous throughout the night. Another 

slightly unrelated cycle to the initial investigation done at Ispra, is a Sulfur Cycle. This cycle is 

nearly analogous to the cycle that has been proposed by Dr. AuYeung. This cycle was proposed 

over 3 decades ago and realized the key role that hydrogen sulfide can play. When this cycle was 

developed in 1975 separation techniques were not what they are today, especially in regard to 

membrane separation.  The cycle is shown below in equations 2.2.4-2.2.7.35 

 

 

The ability to produce very small reactors and micro devices has seen rapid growth from the 

silicon process industry; making microchips. In the 1970s a primary method of gas separation is 

via condensation or thought a solution based absorption, condensation is a very energy 

intensive process as is removing a solute from solution. Now however we have access to 

    
      
      

 

 
      Eq. 2.2.4 

 
 

 

 
               

 

 
  

Eq. 2.2.5 
 
 

              
 

 
   Eq. 2.2.6 
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membranes which enables us to separate gasses much easier with a lower energy cost. Even 

more importantly is the ability to continuously separate out products, which is analogous to 

batch and reflux distillation.  Separating out sulfur dioxide in the 1970s, a product of the newly 

proposed Sulfur-Sulfur cycle, would have been highly energy intensive process; requiring a 

temperature change of over 800°C.  Now with the knowledge of membranes for gas phase 

separation this separation can feasibly occur. Thus had this new Sulfur-Sulfur cycle been 

proposed back in the 70’s it would have been quickly rejected due to the lack of technology, 

with the recent renewed interest in thermochemical cycles in the late 90’s to the presence it 

makes since that new cycles are being proposed because there are also new technological 

advances. Not only do membranes allow one to separate gasses easier but they are continuous 

and can be integrated directly into the reaction vessel, allowing one to get past the equilibrium 

value before needing to apply a separation step.  

 Section 2.3  Steam Reforming Hydrogen Sulfide  

There is very little data available for the steam reformation of hydrogen sulfide. All available 

data is in the context of sweetening sour natural gas; the process of removing hydrogen sulfide. 

More information exists on the direct thermolysis of hydrogen sulfide. This does generate 

hydrogen as listed in the equation below. However if you notice there is a significantly smaller 

amount of hydrogen produced on a molar basis in equation 2.3.1, when compared to equation 

2.3.2, the steam reformation of hydrogen sulfide. Figure 2.3.1 shows how the reactions compete 

for the mole fraction with varying temperature, courtesy of AuYeung.  

 

 

   
      
         

 

 
    Eq. 2.3.1 

 

       
       
               Eq. 2.3.2 
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Figure 2.3.1 
36

 Equilibrium concentration of each species with changing temperature 

 

Another drawback of direct thermolysis of hydrogen sulfide is that elemental sulfur is 

generated, which is a solid or can precipitate below 718K. Solids generally are never good in 

fluid cycles and especially continuous cyclic ones; they can build up and clog passage ways or 

change the equilibrium due to their absence in other parts of the cycle.  

Out of a variety of transition metal sulfides molybdenum disulfide is found to be the best 

catalysis to assist in the cleavage of the H-S bond, and the subsequent thermal decomposition.37  

The reaction mechanism is based on H-S bond cleavage, and the reaction rate is proportional to 

both the concentration of the inert and hydrogen sulfide (see section 3.2 equation 3.2.1). This is 

a hypothesized  concentration of the inert since with collisions of the inert species can 

momentarily transfer kinetic energy, decreasing the H-S bond strength.38 Catalysis allows for a 

lower temperature and a faster reactions rate, which can lead to an increased thermal efficiency 

for thermochemical applications. Fukuda shows that the reaction rate for the thermolysis of 

hydrogen sulfide is increased from 8 to 50 times of that without MoS2, over the temperature 

range 800°C-550C°. The rate limiting step is the cleavage of the H-S bond, because of the 

catalytic mechanisms dependence on the concentration of inert to decrease the H-S bond 
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strength via collisions, it is expected the steam reformation should work in the same.  The 

reaction rate equations are listed in section 3.2.    

 

 Section 2.4  The Hydrogen Economy 

The hydrogen economy was first coined in 1970 by John Bockris, an employee of general 

motors. However Lawrence Jones is the first to have conceived the idea of using hydrogen as a 

energy source.39   

“The replacement of hydrocarbon fuels for air and vehicular transport by liquid hydrogen 

is discussed as a long-term solution to the problems of conservation” 

“The conclusion I have reached is that the use of liquid hydrogen as a fuel is not only 

feasible technically and economically, but it is desirable and may even be inevitable.” 

Jones had great foresight; he proposed the hydrogen economy to deal with the negative effects 

of releasing carbon into the atmosphere. We are still dealing with this issue even more so today. 

The term “hydrogen economy” implies that hydrogen is a means of delivery and use, such as 

electricity is today.  This is not using hydrogen as an energy source; free hydrogen is a scarce 

resource making up less than 1/1000 of one percent of air.  In a hydrogen economy hydrogen is 

not the only means of energy delivery but occupies majority, with exceptions for unique 

applications or locations. Electricity transmission would still occur, and could even be a viable 

means of generating hydrogen in some instances.  

Using hydrogen for vehicle fuel would greatly reduce local pollution. This is a method of 

consolidation of pollution sources, enabling one centralized highly efficient center to deal with 

pollution that would arise from creating hydrogen.  

The hydrogen economy is composed of three main sections that all need equal development for 

success: production, storage & distribution, and useful applications/devise.  This thesis applies 

to only a very small process of one option in the production sector. The production sector is 

fairly saturated if one considers steam reformation of fossil fuels an option.  While facing 

extreme technological challenges, the storage area is heavily in need of research. End use is also 
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in need of development, however if there are incentives for storage and distribution, 

commercialization will follow to take advantage of the available new fuel source.  Referring to 

the figure 2.4.1 below one can imagine that nuclear and hydroelectric power begin to take off 

and offset coal and petroleum, which could be used for a raw material for hydrogen production 

initially and not as one for energy generation.  

 

Figure 2.4.1
40

  History of energy uses 1775 – 2000.  

 Section 2.5  Membrane Reactor Separation a Review  

Micro and Nano technologies have been coming of age for over three decades.  

Nanotechnologies can be useful to exploit the increased Young’ modulus, attributed to the 

increased surface area to volume ratio exhibited with molecules that have a smaller radius. The 

increase Young’s modulus increases the surface reactivity, which enables nano-particles to be 

used as a catalyst. Microreactors are used to decrease the distance that reactants, products and 

momentum need to travel, thus increasing the transport phenomena. This increases the 

transport phenomena more than predicted, which can be attributed to the presence of 

cybotactic swarms, mainly in liquids. Cybotactic swarms (Swarm Theroy) are the existence of 

organized microstates of a liquid that are ~100,000 molecules within that.41  The use of a 

microreactor can break down these swarms via momentum forces; this however is generally 

only applicable to liquids. Discussed later in the mathematic model when dealing with mass 

transfer is a more in-depth discussion of how such transport phenomena is enhanced at this 

level, such as when Knutson flow exists.    
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There are two types of membranes that are of potential use for the separation of hydrogen, 

each have their benefits and draw backs and are reliant on different types of physics: ceramic 

and dense/metallic.  

Ceramic membranes are, as implied by the name, are made from ceramic materials.  In this 

application ceramic membranes work by having very small pore sizes to aid in the transport of 

only diatomic hydrogen. This is the desired circumstance; however a drawback of ceramic 

membranes is that they suffer from having lower selectivity. Selectivity is defined in equation 

2.5.1 below.  The benefit of using ceramic membranes is that they are highly inert and can 

withstand very high temperatures. 

 

Dense membranes on the other hand are non-porous and use the fact that the separable 

product is actually soluble within the metal itself.  This is a two-step process, first the gas 

undergoes chemisorption with the surface, which is then succeeded by movement into the 

interstitial sites in the metal lattice and subsequent diffusion through the metal.42  

Chemisorption is an extremely important part of the process of dealing with hydrogen diffusion 

thought metals, it is often found to be the rate limiting step.  43 The gasses that are applicable to 

dense membrane separation are hydrogen and oxygen.  It is a notable and well known fact 

among inorganic chemist that elemental platinum can absorb much more hydrogen that the 

volume that the hydrogen would occupy solely in its liquid state.  The large degree of solubility 

hydrogen has in metals adds a lively research arena to the scientific community, the one of 

hydrogen storage and transport.  This ability to directly absorb gases into the metallic phase 

enables dense membranes to have incredibly high selectivity; other gasses are for all practical 

means essentially insoluble in a specified metal. However, finding an inexpensive metal that is 

not reactive can be a trying task. Metals that do not tarnish have other valuable attributes, an 

example of such metals are Platinum, Gold or Silver.      

When considering membrane reactor applications for the sulfur iodine cycle it is essential to 

keep in mind that throughout the cycle a corrosive atmosphere exists. Thus, any membrane that 

is used must be able to withstand these harsh conditions. Figure 3.4.2, is an excellent example 

of how exposed metals are generally considered to have a low reactivity are destroyed. Ceramic 

            
           

                   
 

Eq. 2.5.1 
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membranes can generally withstand these conditions, but the desire to keep the cycle closed is 

conflicting with the low selectivity for hydrogen. Dense membranes have platinum which does 

not react with H2S, but it is obviously very expensive.  A solution to this has been demonstrated 

by a few groups, a composite membrane. 1,43, 44 These membranes were proposed with 

application to removing hydrogen sulfide from natural gas, reducing gaseous sulfur products 

that contribute to acid rain while generating valuable commodities in elemental sulfur and 

hydrogen. The composite membrane is composed of three materials and a support if needed.  

The inner metal that is in contact with the corrosive side of a process is made of a fairly inert 

material of either Palladium or Platinum (25μm); this layer is very thin, simply there to take 

advantage of the decreased reactivity. Next is an even thinner layer of silica, ~1-10μm. The final 

layer is a relatively cheap hydrogen permeable layer that simply acts as a support which is 

thicker than the inert layer, feasible materials used have been vanadium, copper and nickel.  

Further supports can be used such as porous stainless steel or a ceramic.  The layer of silica acts 

as a metallic diffusion barrier, and does not seem to hinder the diffusion of hydrogen at such 

thicknesses. 44 This is shown in the following chapter in figure 3.4.1.  

A few groups have already investigated the feasibility and use of a membrane reactor for use in 

the sulfur iodine cycle.  Membrane separation has been deemed a necessity for the sulfur iodine 

cycle and most other thermochemical cycles. Membranes currently have a much higher capital 

cost but a lower operating cost than other methods of separation such as adsorption or 

cryogenic distillation. 45 Elder, Nomura, and Vitart all state that membranes are required in the 

Sulfur-Iodine process, and subsequently they will also need to decrease in their capital cost. 46 21 

32 The membrane reactor industry is relatively new and much more research and development 

in the manufacturing process, membrane physics, and material/infrastructure development, 

before the price will drop.  Oregon is attempting to contribute to this knowledge base with its 

investment in Oregon Nanoscience and Microtechnologies Institute (ONAMI), in collaboration 

with the University of Oregon, Oregon State University, Portland State University, Pacific 

Northwest National Lab, and a sponsored research center associated with each university.  

Oregon State University is working in conjunction with the Microproducts Breakthrough 

Institute (MBI), where research with manufacturing microproducts is done in attempt to find 

cost effective methods of production.  
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 Section 2.6  COMSOL 

COMSOL multiphysics, formerly known as FEMLAB, is a modeling program that uses finite 

element analysis to solve computer simulations. There are two main types of methods currently 

used to solve numerical models, finite element and finite volume. Finite element is generally 

used for static structural models. Finite volume programs are generally used for computational 

fluid dynamics (CFD).  There is a large array of programs available to for both types of solving 

but they are typically quite expensive.  A notable free alternative is Openfoam, or if you would 

like to do the programming from scratch Octave is a free alternative to Matlab.  
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Chapter 3 Mathematical Model 

It is important to not simply qualitatively describe physical phenomena but to use the language 

of mathematics to predict the future outcomes of such phenomena. That is why it is of the 

utmost importance to be able to produce an accurate mathematical model.  Below the physics 

involved with the model will be discussed and the governing differential equations with the 

initial and boundary conditions laid out.  For the sake of illustrating the location of where 

specific physics are applicable and boundary conditions occur, a simplified reactor design is 

shown below in figure 3.0.1. 

 

 

Figure 3.0.1 Membrane schematic. Mf is the feed sideof the membrane, Ms is the sweep side of 

the membrane, Rf is the location the reaction occurs, St is the top of the sweep channel.  

As shown above, the mathmatical model has been carpmentalized into essentially to four 

seperated sections, due to boundry conditions with specfic physics being used. 1 is the sweep 

zone, 2 is the membrane location, 3 feed area, and 4 is the reaction surface.  The reaction is not 

a area but simply a surface where y =0, at the lowest point in the reactor. The governing 

equations for the feed and sweep  will be derived in the same section. The boundary conditions 

wich differenate them will be clearly noted.  
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The coodinate system used is as follows. Rectangular channels are assumed. Due to the high 

aspect ratio, width is much much greater than height (W>>H), and the profile is assumed to be 

2-D. The origin is at the bottom left of the feed, which is the inlet. X is in the direction of the 

length of the channel, y is in the direction of the height of the channel. 

Important locations within figure 3.0.1 

 MF = feed side of the membrane 

 MS = sweep side of the membrane 

 t    = membrane thickness 

 RF  = location reaction occurs 

 ST = top of the sweep zone 

 Section 3.1  Laminar Fluid Flow 

 It is a reasonable assumption to assume that we have incompressible flow. This is true because 

we have: a very slow velocity gas, thus friction losses will be small, we are dealing with a high 

temperature gas so the molecular interactions will be minimal, and finally the channel length is 

short, so if there was any pressure drop it would be insignificant due to the short channel 

length. There is no appreciable temperature change due to the use of an inert and thus low 

concentration of reactants; however it should be mentioned the reaction is endothermic.  In 

practice this reaction will occur in an isothermal environment. The Navier-Stokes fluid flow 

equations are listed below (3.1.1-3.1.3) and can easily be derived simply by doing a force 

balance on a differential volume element, a classic academic exercise.  Due to the model volume 

excluding the heating element, there would be very little temperature changes from heating, 

isothermal conditions are also being assumed. If the enthalpy of reaction was taken into account 

the density would be essentially constant, only varying by less than 2%.   
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x component 

y component 

z component 

Assumptions: Result: 

 Steady state     

  
 

   

  
 

   

  
    

 Incompressible (ability to use Navier-

Stokes equations) fully developed 

flow.  

   

  
    

 Effects of gravity are negligible                  

 Convective flow only in the x 

direction 

         

 Linear axial pressure drop  

 Pressure driven flow in x direction 

only. 

   

  
 

   

  
    

 Unidirectional flow  

 No flow in the y direction    

  
 

   

  
 

   

  
       

 No flow in the z direction    

  
 

   

  
 

   

  
       

  

  
   

  
   

   

  
    

   

  
    

   

  
 

   
  

  
    

    

   
 

    

   
 

    

         

 

Eq. 3.1.1 
 

  
   

  
   

   

  
    

   

  
    

   

  
 

   
  

  
    

    

   
 

    

   
 

    

         

 

Eq. 3.1.2 
 

  
   

  
   

   

  
    

   

  
    

   

  
 

   
  

  
    

    

   
 

    

   
 

    

         

 

Eq. 3.1.3 
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Subsequently we are left with three differential equations:  

 

Equation 3.1.4 relates the pressure drop to the viscous stress; it develops pressure driven flow in 

the x direction. The remaining equations 3.1.5 and 3.1.6 show that there is no pressure change 

with respect to the other axes.  Table 3.1.1 and 3.1.2 show the boundary conditions of the feed 

and sweep and the resulting physical consequence.  

Table 3.1.1 Boundary conditions  FEED 

 

Table 3.1.2 Boundary conditions  SWEEP 

 

  

  

  
   

    

   
 

Eq. 3.1.4 

 

  

  
   

Eq. 3.1.5 

 

  

  
   

Eq. 3.1.6 

 

Boundary conditions  FEED Physical consequence   
     at      
                          
 

No slip at the walls, the velocity at the gas wall 
interface is zero. 

 

   

  
   at    

  

 
 The velocity reaches a maximum velocity in the 

center of the channel. 
 
 
 

Boundary conditions  SWEEP Physical consequence  
     at       
                         
                     

No slip at the walls, the velocity at the gas 
wall interface is zero. 

   

  
   at    

  

 
 The velocity reaches a maximum velocity in 

the center of the channel. 



28 
 

 Section 3.2  Reaction 

As mentioned in the literature review the steam reformation of hydrogen sulfide has not been 

found to have been studied outside of this university.  Nicholas AuYeung, has preliminary results 

that indicate the disulfide of molybdenum is a functional catalysis for the steam reformation of 

hydrogen sulfide. 36 It has already been proven that it is a functional catalysis for the thermolysis 

reaction.  The rate limiting step of the breakdown of hydrogen sulfide is the cleavage of the H-S 

bond.38  The MoS2 enables this process to take place at a lower energy; hence it is a working 

catalysis.  This mechanism is assumed to be in the same working manor for the steam 

reformation reaction as well as it is for the thermolysis reaction, which is so heavily noted in the 

literature. The reaction term used here is a robin condition, flux at a boundary. Here the flux 

that is established at the boundary equal to the reaction rate. It was necessary to normalize the 

reaction rate to the surface area of the catalysis present, this was done to the data of AuYeung 

was and then was multiplied by the length of the reaction zone used here.  

The Damkohler Number relates the reaction term to the convective mass transport (or 

characteristic fluid time), which is generally a very important number in reaction engineering. It 

tells the ratio of the two, as shown below. However, in this case it tells us little because reaction 

rate is very quick and ideally reaches equilibrium very quickly, and in this model goes to 

completion. If the velocity was able to be operated many orders of magnitude higher or the 

reaction rate was slower the Damkohler number could be informative; telling if the resonance 

time can to be increased or should be decreased, which would change operating or capital costs. 

The equation for the Damkohler number is shown in equation 3.2.0.  

The equations below were derived from the stoichiometric reactions listed previously, eq. 2.3.1 

and 2.3.2. The parameters in table 3.2.1 and equations 3.2.1 and 3.2.2 were developed by 

AuYeung.  

        Eq. 3.2.0 
 

       
      Eq. 3.2.1 

 

       
      Eq. 3.2.2 

 

   
          

Eq. 3.2.3 
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Table 3.2.1 Rate constants, reported variance is ± 1 standard error. 36 

Reaction k0 [s
-1

] Ea [kJ/mol] 

H2S→½ S2 + H2 6.57x10
2
 ± 3.97  82.93 ± 9.48

 

H2S+2H2O→3H2+SO2 6.75x10
9
 ± 3.13x10

8 
236.04 ± 5.18

 

 

By using the stoichiometric balances and the reactions listed above in table 3.2.1, equations for 

the change of each species were generated below, table 3.2.2.  The initial conditions are simply 

stating the initial conditions of the reactants as a variable that is changeable, dependent on the 

situation. The equations also show there is no presence of any products at the start of the 

reactions.  

Table 3.2.2 Reactions Rates 

  
Equation 

 
Initial condition 

 
 
 

    
      

  
          

                Eq. 3.2.5 
 
 

      

  
       

                Eq. 3.2.6 
 
 

     

  
            

          Eq. 3.2.7 
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          Eq. 3.2.9 
 
 

 Section 3.3  Mass Transfer in Reactor Channel  

Being that the one of the main reasons that microreactors are used is because of the enhanced 

mass transfer, a brief history is due. The modern area of mass transfer can be attributed to the 

   
       H O  

Eq. 3.2.4 
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two founding fathers: Thomas Graham, Adof Fick. Graham provided the initial experiments, the 

relationship that diffusion is proportional to the difference in concentration present, and 

subsequently his law for porous diffusion.  Graham’s law relates the molar flux of species 1, n1 to 

that of its molecular weight, M1, it is present below in equation 3.3.1.  

Fick, born 25 years later in1829, picked up on  the experiments and results of Graham. He shed a 

new insight to what Graham had done.  Fick made the keen insight that diffusion was analogous 

to the conduction of heat through a medium, Fourier’s law and Ohms law regarding the 

conduction of electricity. Initially he was timid about his results being so similar to other physical 

phenomena. 47 What lay inside that insight was the fact that the rate of diffusion (flux) was 

proportional to available area, the concentration gradient and a constant (the diffusion 

coefficient). This is expressed below in equation 3.3.2. This equation encompasses the diffusive 

flux but not conductive mass transfer. An important application of Ficks law with regard to 

membrane separation is the driving force, or the concentration gradient;   . The greater the 

driving force the larger the flux; J. This is one of two things that are able to be changed in an 

experiment, the other being the area, however with changing the area the size changes as well 

as the cost associated with building the apparatus.  

By having high temperatures and short distances, the concentration gradient can be greatly 

increased. There is mass transfer occurring in all regions which is governed by the reaction rate 

listed above. 

The diffusion coefficient, which in Fick’s law is the proportionality factor, can be measured 

empirically or estimated using relationships that have been developed from experimental 

results. It is necessary to get as accurate method as possible to estimate the diffusion coefficient 

to get accurate results. There are many ways to estimate it, at lower temperatures an Arnold 

cell can be used to experimentally measure it, or diffusion chambers at temperatures above the 

boiling point. Below is the Chapman-Enskog equation, eq. 3.3.3, for calculating the effective 

diffusion coefficient (cm2/sec).48  This equation is used with the assumption that the diffusing 

  

  
   

  

  
 

 

 
Eq. 3.3.1 
 

          
 

Eq. 3.3.2 
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gas in only diffusing though an inert. However in some of the trials this was not the case. 

Equation 3.3.4 represents the collision integral for estimating collisions.  

 

Variables: 

   pressure in atmospheres 

   temperature in kelvin 

   diffusion coefficient in cm2/sec 

  12 is the collision diameter in angstroms (one 10-10 m) 

   the collision integral is estimated using tabulated data.  

 Mi is the molecular weight of species i 

This can be an effective way to estimate the diffusion coefficient; however it does not take into 

account polar gasses. Using water, this is unacceptable.  Thus it will not work well with the gases 

in this experiment.  Below is the equation 3.3.5 is used to estimate the diffusion coefficients in 

this experiment, the Fuller-Schettler-Giddings (FSG) equation.  

Variables: 

 Vij are the volumes of parts of the molecule j, these are tabulated values. 

Below in table 3.3.1 are the calculated diffusion volumes and diffusion coefficients for gasses 

that are present in the model.  
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Eq. 3.3.4 

       
       

 
  

 
 

  
 

 
 

          
 
         

 
  

  

 

 
 
Eq. 3.3.5 
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Table 3.3.1 Diffusion coefficients at 900°C (1173K) and 1 atm.  

Species Diffusion coefficient 

 [cm2/sec] 

Ratio of diffusion 

coefficient with respect 

to the slowest (SO2) 

Diffusion 

volume, Vij 

Molecular weight, 

[g/mol] 

N2 6.642 1.811 17.9* 28.013 

S2 4.194 1.144 32.0 64.120 

H2 37.692 10.281 7.07* 1.016 

H2O 8.810 2.403 12.7* 18.015 

SO2 3.666 1.00 41.1* 64.059 

H2S 5.868 1.601 20.96 34.076 

Values with a * were pulled directly from Cussler’s book on diffusion, 

 the others were calculated with values listed in his book.  

 

As expected, hydrogen is diffusing much quicker than any of the other compounds. As shown by 

the ratio of diffusion coefficients to the slowest, it is diffusing over ten times quicker. This ratio 

also shows that everything else is very close to the slowest diffusing molecule, hydrogen aside.  

This tells us hydrogen is able to escape from the reaction area faster than any other molecule 

and that SO2 should be the limiting reagent for the reaction, due to mass transfer and having the 

smallest diffusion coefficient. 

Mass transport in channels:  

The mass transport accounting for each species in the feed region is governed by the equations 

3.3.6-3.3.9. This equation states, that the change in the convective flow in the x direction, the 

first term, is equal to the change in the diffusion flux. Showing that mass in is equal to mass out. 

Table 3.3.3 and 3.3.4 are boundary conditions for the feed and sweep regions. Equation 3.3.10 is 

the governing equation for the sweep region.  
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Assumptions 

 There is no velocity in the y direction, no convective mass transport in y direction 

 Laminar flow exists 

 

 

Table 3.3.2 Boundary conditions FEED 

Location Boundary Conditions Justification  
 

   
    

 
   

     
    

             

             

 

Sets feed of products to zero and reactants to 
some changeable variable. 

 
 
 
 

     
 

     

  
 
        

      

  
 
        

  Makes the concentration change continuous 
from one region to the next (feed to 
membrane)  
 

  
     

  
 

     

  
 

     

  
    Is a flux boundary condition that enables only 

hydrogen to transfer through the membrane. 

 
     

     

  
          ) 

     

  
       

     

  
          

     

  
           

   Sets the mass fluxes at each species to the 
rate of reaction, being a consumption 
(negative) or a production (positive) rate, all 
multiplied by their according stoichiometric. 

 

   

     

  
      

      

   
 

      

       

 

Eq. 3.3.6 
 

   

     

  
      

      

   
 

      

       

 

Eq. 3.3.7 
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Eq. 3.3.9 
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Assumptions 

 Hydrogen is the only species in the sweep gas that is diffusing.  

Table 3.3.3 Boundary Conditions SWEEP:  

 

The equations above are a mass balance over a differential cell showing the concentration 

change per second over the differential distance is equal to the change in the diffusion gradient. 

It should be noted that generally one would not have the second term for axial diffusion in the x 

direction, such as in a standard plug flow reactor, however when dealing with microreactors and 

things on such a small scale this becomes important.  There is not only a decreased flow velocity 

but increased molecular velocity at the increased temperature. Equations for the molecular 

speed and the mean free path are listed below, eq. 3.3.12, 3.3.11 respectively.  

 

Both of these quantities are directly related to the diffusion coefficient and essentially describe 

how fast and far a molecule will travel. The diffusion coefficient is the proportionality constant 

between the concentration gradient and flux. The Knudsen number is a ratio of mean free path 

   

    

  
    

 
     

   
 

     

       

 

 
Eq. 3.3.10 
 

Boundary Conditions Justification  

              
    

  
   

  

              
 
        

     
 
     

  

 
 

 

This boundary condition sets the 
concentration of hydrogen equal at the 
membrane sweep interface, so it is not 
discontinuous. 
The second B.C. sets the flux at the top of 
the channel equal to zero, ensuring that 
there is an exterior wall.  

 

 

Mean free path [m]   

 
     

  
 

 
Eq. 3.3.11 
 

 
Mean molecular speed [m/s]      

    

   
 

 
 

 
 
Eq. 3.3.12 
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and that of the tube diameter. When this number surpasses unity (one) you have Knudsen flow, 

where the momentum transfer is dedicated to transfer to the walls instead of other gas 

molecules.  This number also implies that you are colliding very frequently with the walls, for a 

channel such as we have here that is very important for two reasons. One, there must be 

contact with the catalyst on one side of the reactor for conversion, and two, because after 

conversion it is necessary for the hydrogen to physically collide with the palladium membrane 

for it to go through the chemisorption and diffusion process.  

 Section 3.4  Mass Transfer in the Membrane 

The mass transfer occurring in the membrane is modeled as a composite membrane. This 

membrane has been determined to be effective in hydrogen separation at high temperatures in 

multiple studies43, 44, 49. It is composed of three sections; palladium or platinum, silica, followed 

by vanadium. The first layer of palladium or platinum offers superior selectivity to hydrogen that 

is unprecedented by nearly any other metal, however it does undergo embrittlement from high 

temperature hydrogen exposure so it is be alloyed with up to 23wt% silver to avoid this.49 The 

high selectivity allows for the cycle to be continuous without having to replace lost gasses to 

achieve the correct stoichiometric ratio. It also offers resistance to chemical attack. This layer is 

typically 25µm thick. Next there exists a layer of silica between the two metallic layers to avoid 

intermetallic diffusion, which is enhanced at the high operating temperatures that exist in 

thermochemical cycles.  Intermetallic diffusion can causes decreased performance of the inner 

most membrane (Pd/Pt). This layer is typically 1-10µm thick; over this range it does not seem to 

hinder the diffusion of hydrogen. The last and final layer of the membrane is made of Vanadium 

(sometimes copper), due to its high hydrogen solubility and low cost. The vanadium membrane 

offers strength and support for the composite, while at a highly decreased price to the 

alternative full palladium/platinum membrane. This all is illustrated below in figure 3.4.1 below.  

A final ceramic or stainless steel support layer may be added below the vanadium if there is a 

pressure differential between the feed and sweep streams.  This might exist when the partial 

pressures are very low of hydrogen in the feed gas, thus creating more of a driving for by 

increasing over all pressure of the feed.  
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Figure 3.4.1 Composite membrane. 

 

This membrane, figure 3.4.1, offers superior selectivity while having a high rate of hydrogen 

permeation and relatively low cost.  It is intuitive that if the membrane acts as a resistor to 

hydrogen diffusion the thicker the membrane the more resistance that will inhibit the hydrogen 

diffusion. This membrane is thin, can be 50µm thick or even hypothesized down to 30µm, with 

using a ceramic support on the sweep side. As shown by Uemiya, the empirical relationship 

between a dense membranes thickness and the rate of hydrogen permanence is inversely 

proportional, as would been assumed.49   When dealing with high temperature hydrogen sulfide, 

a corrosive gas, it is necessary to only use platinum for the feed gas contact metal.  After visual 

inspection it is obvious that the palladium membrane is tarnished and corroded, while its 

platinum counterpart remains shinny, figure 3.4.2. 44 The palladium membrane pictured below 

suffered a catastrophic rupture after a few minutes of exposure.  Edlund mentions that the 

membrane needs to be on the order of less than 1µm to make the thermolysis reaction for 

sweetening sour natural gas competitive.  
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Figure 3.4.2
1
 Edlunds Pd/Pt membranes. 

The rate limiting step for diffusion of hydrogen through the membrane is the chemisorption 

onto the surface of the platinum. In region 3 only one equation applies, this equation ensures 

that there is no change in flux of hydrogen through the membrane, starting this is a steady state 

operation. The governing equation is eq. 3.4.14 and the associated boundary conditions are in 

table  3.4.1.  

Assumptions: 

 Only hydrogen is permeable, using a dense membrane 

 1-D diffusion of hydrogen through membrane 

 Diffusion is slower than adsorption, concentration above and at membrane is equal. 

 Diffusion only occurs in the y direction, the diffusion in a gas is much greater than that 

of within a metal.  



38 
 

 

Differential Equations and Boundary Conditions: 

     

   
   

 
Eq. 3.4.14 

 

Table 3.4.1 Membrane boundary conditions  

Location Boundary Conditions Justification  
 

   
      

 

    
 
    

     
 
        

 

 
 

Makes the concentration change 
continuous from one region to the next 
(feed to membrane)  
 

 
      

 

 
    

  
 
        

  
    

  
 
     

 

 
 

Makes the concentration change 
continuous from one region to the next 
(feed to membrane)  
 

 

This mathematical model cannot easily be solved analytically, if at all; however it does describe 

the physics that are occurring in the microreactor. It enables us to know what should be 

occurring at specific points in the model, which in turn lets us know if the model is indeed 

working properly. 

This model is essentially put into a numerical solver (in this case COMSOL©), with a few minor 

variations, and solved.  
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Chapter 4  COMSOL
® 

COMSOL multiphysics ® is a finite element solver. It offers the availability to use various physics 

to solve real world research and engineering problems.  There are many benefits of using a 

computational model, to start out, one of these many benefits of using simulation software is 

that one is able to eliminate any unbeknown external affects such as dirty glassware, radio wave 

interference etc.   Having a computational model offers an extremely reduced cost compared to 

the physical construction involved with constructing a real world model.  Computational models 

also let us explore technically unfeasible/impossible applications, such as when a caustic 

chemical reaction takes place and there is currently no material that can withstand certain 

aspects of the process.  Solving mathematical models by hand is outdated and very time 

consuming. This method is of no comparison to their computational counterpart. 

However, a model is only as good as one designs it. Without a careful and meticulous approach, 

the results of the model can be less than worthless.  When designing a model it is important to 

know what physics are applicable in the situation and the associated governing equations and 

boundary/initial conditions before you start constructing a computational model. By creating a 

mathematical model the results can be compared to what would be expected. This is a method 

of model validation; unfortunately mathematical models are frequently unsolvable.  The model 

can still give valuable insight to how your computational model should behave.   

Some say that a model needs to be validated with an experiment, but the inverse is also true. In 

an experiment one attempts to control all the variables, which of course is impossible. There are 

variables that may seem irrelevant, are unknown, or have no feasible means of controlling.  By 

creating a model you can control exactly what the inputs are, enabling you to veer away from 

any external influences.  

The process of creating an effective model is as follows. It is important to have all applicable 

equations and boundary conditions already figured out on paper; a complete mathematical 

model with location and value of boundary conditions.  Then begin your computational model, 

add the necessary physics based on the derived equations. Lastly, create the geometry and 

apply the physics to the applicable regions.   

See Appendix A.3 for a review of vector calculus operators.  
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 Section 4.1  Numerical Model  

These values are the parameter and equations that are input into COMSOL.  Some of the values 

were later determined to be erroneous.  COMSOL is being used here to solve the mathematical 

model that was previously set up. COMSOL is a finite element solver.  

 Section 4.2  Geometry   

The geometry that was chose for the microreactor is shown below in figure 4.2.1.  The reaction 

chamber is 10mm by 0.5mm. It should be noted that the physical construction of this channel 

and sweep was not thought of, but the dimensions are by all means feasible by modern 

mesoscale manufacturing techniques.   The membrane is currently modeled as 50 µm in 

thickness it was also modeled as a 5 µm membrane but because of the specific membrane 

modeled after is ~ 45-65µm, a 50µm was used. It should be noted that the thinner the 

membrane the higher the rate of diffusion of hydrogen. This inversely proportional relationship 

makes logical sense because the membrane is acting as a diffusion barrier.   

 

Figure 4.2.1 Model Geometry 

Section 4.3  Physics used  

For this situation the following physics were used: 

 Laminar flow 

 Diffusion of dilute species  

 Transport thought porous  media 

 Heat Transfer in solids 

 Heat Transfer in fluids 
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Laminar flow controls the flow velocity and velocity profiles of the sweep and feed flows within 

the microchannel. Laminar flow is being used for many reasons (as opposed to turbulent flow): 

gas phase, high temperature, low velocity, small channel diameter.  It is also common 

knowledge that microchannels have very low Reynolds numbers which implies laminar flow.  

This is a pressure driven flow, with outlet pressure set to zero.  

Ideally the diffusion of dilute species physics would have been validated with  

 data from AuYeung or Edlund, however, this was unable to be done. The experiments of 

AuYeung were done in a much different experimental set up where mass transfer becomes 

appreciable. Also, this model only takes into account the steam reformation reaction. The 

reaction kinetics’ are also fairly unknown and the reverse reaction rate was needed to be 

estimated, and likely could be significantly inaccurate. The exact value should not matter for 

what is being investigated in this model – enhanced conversion with a microreactor. The 

diffusion of dilute species controls how the species move within one another, such as the 

diffusion of hydrogen from the reaction surface to the membrane, and the diffusion of hydrogen 

sulfide from the bulk of the feed to the reaction surface.  The diffusion coefficients that are 

needed to be input to the model were previously calculated in the mathematical modeling 

Chapter. The transport of dilute species was also used to set up the reaction term with kinetic 

and equilibrium data was input into this physics, attempting to mimic experimental data, when 

the membrane was disabled. A flux condition at the boundary was used for this.  

The porous media transport was used to simulate the composite membrane.  This used a 

diffusion coefficient follows an Arrhenius relationship and was reported to various metals in a 

journal article of Applied Physics, 3.6*10-3 cm2/s.50  When the membrane is enabled, the model  

was able to predict what AuYeung could not, namely how the product composition is adjusted if 

the products (hydrogen) are removed, which follows, Le Chatelier's principal. When products 

are removed or reactants added, being any physical system property or species, it shifts the 

equilibriums to the right. In this case hydrogen is being removed; however heat removal on an 

exothermic reaction is an analogous example for a physical system property.  

Heat transfer in solids and fluids was later abandoned due to the fact that this operation would 

be carried out at isothermal conditions. However it was left in if one wanted to see how the 

endothermic reaction changed the temperature and subsequent reaction rate based on mole 

fraction.  
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 Section 4.4  Steam Reformation Reaction   

There are many ways to integrate a chemical reaction into COMSOL; the reaction engineering 

module is a method or one could put it within a sub physics module, such as transport of a 

dilute species. Here the transport of dilute species physics was used to apply the reaction term. 

A flux boundary condition was enabled at the reaction area wall. The reacting zone was initially 

modeled as a 5µm thick region, however after further investigation into the type of boundary 

condition necessary at the reaction and feed interface it was found it would not be feasible.  The 

model had many errors such as outputting negative concentration values; the boundary 

condition was switched to a flux at the wall equal to the reaction rate. The flux boundary 

condition is a much more stable one; it is not artificial such as a continuous boundary is.  

The reaction kinetic data that was provided and available in the literature is done on a volume 

basis. This is not the case; the reaction is a surface reaction. So it was necessary to normalize to 

area per length of the reactor using the parameters of AuYeung 
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Chapter 5 Model Outputs Results and Discussion 

The base case that was used for the parameters used is shown below. Parametric sweeps were 

conducted for a series of the values listed.  When a figure or section is changing more than one 

parameter than below it will be noted, if not assume the value below in table 5.0.1. 

Table 5.0.1 Base values for model parameters.  

Parameter  Value 

Pressure feed PF 101325 [Pa] 

Pressure Sweep PS 101325 [Pa] 

Velocity Feed VF 0.01459 [m/s] 

Velocity Sweep VS 0.1459 [m/s] 

Initial mole fraction H2S yH2S 0.003333 

Temperature TF 1173 K 

Membrane Permeability Dmem_H2 6.4e-7 [m2/s] 

Initial mole fraction water yH2O 0.06666 

Ration H2O to H2S ratio 20 

 

These conditions were chosen because they are very similar to what AuYeung used in his 

experimental reactor.  However,the results obtained by AuYeungare not necessarilyapplicable to 

this model for many reasons; there was no sweep section in his reactor, the model only 

considers the steam reformation, and mass transfer effects could be vastly limiting his apparent 

reaction rate. Three separate membrane diffusion coefficients were used to show how the 

evolution of the membrane can greatly change the results.  The first membrane is presented in 

my mathematical model section and it is the one Edlund proposed and has tested in presence of 

high temperature gaseous hydrogen sulfide. The second is slightly more permeable, and it is a 

membrane that has been tested at high temperature hydrogen diffusion over extended time, 
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>4months. The third and final membrane is a theoretical membrane that represents one that 

has achieved a very thin layer and an even higher degree of diffusivity.  This is illustrated in 

figure 5.0.1 below.  The velocity profile is also shown for a reference, figure 5.0.2.   

 

Figure 5.0.1 Hydrogen concentration with varying membrane diffusivity.  
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Figure 5.0.2 Velocity magnitude, laminar flow.  

It is extremely important to make sure that you have the correct mesh, or at least one that will 

work with the physics that are being utilized. Thus in the table below there is the results of the 

hydrogen concentration at a specific location over three different meshing, I used the one in the 

middle. Because the results are so similar it can be assumed that the meshing is valid for the set 

of parameters. The mesh was determined by a preset within COMSOL that allows for a physics 

control mesh, where areas that are expected to have a lot of change have a higher meshing, 

such as around boundaries or abrupt geometric regions. A physics defined mesh of Fine, 

Normal, and Coarse was used. There was no noticeable difference between the three.   

Section 5.1   Parametric Sweeps 

A parametric sweep was conducted for each variable in table 5.5.1.  Analysis of each parameter 

is conducted after. Different out puts are listed, keep in mind the intent is to progress the 

reaction to completion, past equilibrium values.   

5.1.1 Hydrogen Concentration with varying sweep velocity with 

demonstrated membrane: 

This is done so that the products are swept away much quicker and it establishes a greater 

concentration gradient, it also breaks down the boundary layer with a faster moving fluid.  The 

sweep velocity was varied from 0.01458 m/s to 145.8 m/s. It was necessary to keep in mind the 

Reynolds number as the flow velocity increased; the Reynolds number never superseded 21.  
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This is due to the high temperature and very low density of the gas. The diffusion coefficient 

here was 3.6*10-7 m2/s. 

 

 

Figure 5.1.1 Hydrogen concentration with varying sweep velocities.  

There is essentially no visible difference due to the grate hindrance of the membrane. With a 

sweep velocity changing over five orders of magnitude the final concentration of hydrogen in 

the feed only decreases by 12%, this is shown in figure 5.1.1 and 5.1.2. This is a conservative 
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case, with known diffusion coefficients in elemental metals. Techniques such as alloying can 

increase the diffusivity; the following case will investigate a more advanced material. 

 

Figure 5.1.2 Final feed concentration with varying sweep velocities.  

5.1.2 Hydrogen Concentration with varying sweep velocity cutting edge 

membrane: 

This parametric study, figures 5.1.3-5.1.6, compares the extraction to a membrane that is 

currently available but has not been tested under conditions of hydrogen sulfide exposure. 

 

 

Figure 5.1.3 Cutting edge membrane and hydrogen concentration with changing sweep 

velocity. 
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Figure 5.1.4 Cutting edge membrane and hydrogen concentration with changing sweep 

velocity. 
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Figure 5.1.5 Cutting edge membrane and hydrogen concentration with changing sweep 

velocity. 
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Figure 5.1.6 Final feed concentration with changing sweep velocities 

As you can see by visual inspection from figure 5.1.6, a logarithmic relationship exists between 

velocity of the sweep gas and remaining concentration of hydrogen in the feed. The change in 

concentration with the sweep velocity is greater in the theoretical membrane, separates out 

over 90% of the hydrogen, whereas the membrane that was initially attempting to be modeled 

from Edlund only had 10%.  

5.1.3 Hydrogen Concentration with varying sweep velocity hypothetical 

membrane: 

The following results are hypothetical situations, figures 5.1.7-5.1.9, where current literature 

does not indicate that the material properties exist. However, going with the current trends and 

advancements in membrane technology they are likely to be. This is one of the benefits of 

computational models over experimental, exploring the how materials that do not exist or a 

extremely expensive will affect the process. The diffusion coefficient is assumed that it can be 

one order of magnitude larger than is used in the prior section. The membrane thickness is over 

50 times thinner, which puts it as around 0.1 microns. The diffusion coefficient for hydrogen in 

the membrane was 3.6*10-4 m2/s. 
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Figure 5.1.7 Hypothetical membrane and hydrogen concentration with changing sweep 

velocities. 
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Figure 5.1.8 Cutting edge membrane and hydrogen concentration with changing sweep 

velocity. 
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Figure 5.1.9 Cutting edge membrane and hydrogen concentration with changing sweep 

velocity. 

 

These results clearly show that with the hypothetical membrane one is able to manipulate the 

sweep velocity greatly to our advantage; however without the increased diffusivity imparted by 

a better membrane, changing the sweep velocity does very little. Such thin membranes can be 

conceived using process such as, chemical vapor deposition (CVD).  There are reports of working 

membranes that are of the 0.5µm thick using electroless plating. 51 

By increasing the sweep velocity, the final feed concentration of hydrogen decreased from 0.013 

mol/m3 to essentially zero, the corresponding max Reynolds number was ~21 and had a VS = 
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145.8 m/s. The pressure drop is ~7000Pa, which is significant but does not eliminate this as a 

potential option. A very extensive review would be necessary to see where the trade off from a 

decreased temperature, capital, night operation with reverse CRISTINA process, can beat the 

energy used to promote such a large pressure drop.  Also it should be kept in mind that the 

energy imparted to the pressure drop is eventually lost to heat in the form of friction from the 

Kolmogorov eddies, which is a needed commodity in this reaction. So the only loss in efficiency 

is the compressors efficiency.  

 

Figure 5.1.10 End of sweep physical characteristics.  

 

As noticed, there is a small negative pressure drop for some of the graphs above. This is clearly 

an artifact of the outlet pressure boundary condition. COMSOL even mentions that this can 
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occur with a pressure boundary condition, such as is implemented here. A line graph is shown 

above in figure 5.1.10, showing how the pressure is extremely high at the one of the outlet 

corners (the bottom) then quickly decreases. There seems to be a negative value attempting to 

compensate for such a large outlet pressure, where it should be zero.  

An interesting note, one would think that by increasing the sweep velocity more hydrogen 

would be diffusing in and thus less would be able to diffuse towards the feed. This does not 

seem to be the case above to any appreciable degree.  The case seems to be that at the fastest 

sweep velocities the hydrogen is going though semi-infinite diffusion, the diffusion towards the 

membrane is essentially maxed out; not detecting any barrier from a concentration gradient. 

Thus, increasing the velocity past a certain point, ~25m/s, effectively does nothing because all 

the hydrogen in the permeate has been swept away.  

After inspecting the previous three sections, one can tell that having a more porous membrane 

greatly increased the ability to extract hydrogen from the feed. I do not believe that membranes 

such as modeled under the theoretical will be that far out of the question in the near to soon 

future.    

5.1.4 Hydrogen Concentration with varying Feed Velocity 

The hypothetical diffusion coefficient is used here as well, due to the fact of the small driving 

force, simply increasing the feed velocity which will produce the same results. The maximum 

driving force is the concentration difference which is the same as section 5.1.1. The intent of 

investigating this section is to have a reduced capital cost. By being able to operate at a higher 

flow velocity in the feed, it means that there will be less capital needed for purchase. This comes 

down to again, as mentioned prior, the operational costs of the compressor and the 

consequential pressure drop. The required payback time, interests rate, structure life, all come 

into play. With a longer available payback, the operational costs will be less so when the 

payback is met the profits will be larger. It is not in the scope of this project to analyze this 

matter; however it is a very interesting tradeoff for any microchannel operation. A sweep 

velocity of 29.16 m/s was chosen for flow because it is at which point a majority of the hydrogen 

is removed.  Again, this is not a rudimentary task to pick ideal velocities when there are so many 

variables at play. Figures 5.1.11-5.1.14b show the effects of a variable feed velocity. Figures 
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5.1.14c and 5.1.15 show the pressure drop and Reynolds number, verifying that we do in fact 

have laminar flow. 

 

 

Figure 5.1.11 Hydrogen concentration with changing feed velocity. 
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Figure 5.1.12 Hydrogen concentration with changing feed velocity. 
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Figure 5.1.13 Hydrogen concentration with changing feed velocity. 
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Figure 5.1.14 Hydrogen concentration with changing feed velocity. 
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Figure 5.1.15 Reynolds number at high feed velocity.  

 

As shown above, there are some numerical artifacts where negative values arise. However, 

these values are of such a small order of magnitude they are of no consequence. Surprisingly 

there is very little pressure drop even with the contorted path that the feed gas must take, and 

the Reynolds number stays below 40.  When reflecting on the information above, one can see 

that the rate of mass transfer due to convection begins to overtake the rate of mass transfer 

due to diffusion (molecular motion). This is indicative of the Sherwood number increasing.  In 

the beginning there is noticeable backward diffusion of hydrogen, an undesirable trait when 

optimization is a goal. Thus as one moves through the figures with increasing feed velocity you 

notice that the zero hydrogen concentration front progresses further and further down the 

reaction zone. This is because the convective mass transfer is dominating the molecular mass 

transfer.  

5.1.5 Hydrogen Concentration with varying Feed Pressure and Sweep 

Pressure: 

A notable issue is when the pressure is adjusted in the feed it changes aspects of the process 

that may be undesirable to change; it is likely unfeasible to increase the pressure 5 orders of 

magnitude higher than the sweep. Le Chatelier’s principal also applies because in this reaction 

there is a net positive molar generation, thus at the forward reaction is not favored by high 

pressure. However the sweep pressure can be decreased to an extent. It also will not be able to 
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extract to push the reaction as far past equilibrium because it is acting as a multiplier, in the 

sense if the pressure is adjusted to say 5 atmospheres, five times higher than the sweep, than 

the sweep can contain only five times as much hydrogen.   Using a parametric sweep for the 

feed pressure from 1 to 5 atmospheres it was found that the membrane diffusion is indeed the 

limiting parameter here. The hydrogen concentration does not seem to change when increasing 

the feed pressure. This is due to the resistance that the membrane has to hydrogen diffusion.  

However, as previously demonstrated increasing the sweep velocity can only aid so much in the 

total driving force, until there is essentially no remaining hydrogen in the sweep. Pressure on 

the other hand can be increased and increased and it will continue to literally push hydrogen 

thought the membrane.  

 

 

Figure 5.1.16 Hydrogen concentration with changing feed pressure. 
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Figure 5.1.17 Hydrogen concentration with changing feed pressure. 

 

As shown above in figure 5.1.16 and 5.1.17, increasing the pressure does not affect the product 

separation.  In the base case, as is show, it is necessary to also increase the velocity to some 

ideal point. However when the velocity is also changed, greater extraction occurs.  
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Figure 5.1.18 Hydrogen mole fraction in feed exit. 

The figure 5.1.18 above shows a dual parametric sweep where both the feed pressure and 

sweep velocity was changed. This is an interpolated graph.  This graph shows despite the 

pressure difference the mole fraction remains relatively the same with an increased velocity. 

The mole fraction increase in alignment as the velocity increases.  

5.1.6 Further discussion  

This model was built to show the possibilities of using a microreactor to push the reaction past 

its equilibrium point. The efficiency aspects and analysis was not conducted and would present a 

worthy subject of future work.  

A parametric sweep was not done over temperature because in this model the reaction goes to 

completion very quickly and the equilibrium is not shifted by any temperature change.  

Section 5.3 Is a membrane reactor applicable for H2S reforming? 

These results illustrate that a membrane reactor is applicable for steam reforming hydrogen 

sulfide.  This is contingent upon using a membrane that is very permeable to hydrogen 

chemically inert and has reasonable mechanical strength.  Membranes are getting thinner and 

thinner, and it is possible to have sub-micron level thicknesses.  
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Chapter 6 Conclusion and Future Endeavors 

Section 6.1   Conclusion 

This work demonstrates that a microreactor is a viable option for the newly proposed Sulfur-

Sulfur cycle. However, with the current material limitations this cycle is requires very high gas 

velocities (still remaining laminar) to achieve full conversion/extraction. This is not 

advantageous on the economic side, due to the need for large expensive and energy intensive 

compressors. With use of a permeable membrane this would decrease the required velocities 

and thus operating and capital costs as well.  Membrane separation of hydrogen will likely be a 

utilized technology in the future; despite the lack of progress of the hydrogen economy. The 

membrane separation is efficient and you can achieve high purity hydrogen though the process.  

Even though the reaction is extremely fast, the current membranes are still unable to separate 

out enough hydrogen at reasonable velocities. The reaction kinetics are incorrect, but this only 

exemplifies the fact that the membrane is unable to separate out the hydrogen effectively. If 

this reaction was indeed diffusion limited as the literature indicates, then the membrane would 

be able to separate out even less because the concentration gradient would be less – less 

products would be formed at one time. 

 It is impossible to overcome the diffusion barrier of a not very porous membrane, this is 

because one is left with the max driving force of the concentration gradient that is effectively 

semi-infinite dilution – it does not see any concentration of hydrogen pushing back from the 

sweep. There for the only way to overcome this is to increase the reactor length and exposure 

time of the feed. By increasing the length and resonance time, the capital and operating costs 

also increase, respectively.  

One of the benefits of using a computational model is that we are able to explore situations that 

are currently not technically feasible.  Thus the options of investigating membranes that are 

thinner than mechanical strengths currently permit and have diffusions coefficients that are 

unheard of at this point were explored. This membrane does not have a porous support behind 

it, which at such high velocities, temperatures and pressure difference, would likely be 

necessary. If a porous structure was present, it would be highly unrealistic to push gas through 

at such high velocities. The pressure drop would be too high and the gas could approach Mach 
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number locally on its highly convoluted paths. The results show that to really push this reaction 

to completion it would be necessary to shorten the membrane thickness, and increase the 

membrane permeability.  

This work reflects that the use of a membrane for this application can offer a few distinct and 

very important advantages, more than is created by simply an increase in efficiency. Even 

though the results from this study are not exactly promising, I believe that with advancements in 

membrane technology this could add great value to membrane separation in this area: 

thermochemical hydrogen generation.  The advantages include:  

 Enabled use of the CRISTINA and reverse CRISTINA process 

o Can enable continuous uses via sulfuric synthesis at night for a heat source. This 

can greatly enhance the over viability of using a thermochemical cycle with a 

solar heat source.  Becoming totally self-sustaining in times of need. 

 Enhanced overall efficiency 

o Simply a more efficient manner of reacting and extracting hydrogen.  

 The ability to operate at a lower temperature 

o One is able to effectively operate at a lower temperature with higher 

conversion; a tradeoff between energy expenditure and capital cost 

(membranes are expensive), so are high temperature systems. The purchasing 

and operation of a high temperature system is likely to cost more than that of 

its lower temperature counterpart. 

 Increased process speed (thus can do more with less) 

 Breaking equilibrium point 

o The ability to have continuous extraction during reaction, as opposed to a 

reaction extraction alternating process. 

All of the variables at play make this a very complex system when trying to optimize. 

Section 6.2   Contribution of Knowledge  

The newly proposed Sulfur-Sulfur Cycle has much development to be established. This work 

adds novel knowledge to the scientific community. It was shown that a major barrier which is 

hindering the conversion of hydrogen sulfide to hydrogen, via steam reformation, is the 
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diffusivity/permeability of the membrane. If the membrane has to small of a permeability then 

slowing down the feed gas to effectively a semi-batch process where the feed is held in its 

location. Whereas at high permeabilities, the feed gas can be increased and so can the sweep 

allowing for much quicker and effective conversion. This is important to the Sulfur-Sulfur Cycle 

because for it to be a viable cycle there needs to be efficient means of conversion and extraction 

of hydrogen.  

Section 6.3   Future Endeavors 

Future Endeavors, ideas that were brought about by this work. There are some critical technical 

issues to address before a membrane reactor can become a viable option to steam reform 

hydrogen sulfide. Materials that can maintain structural and chemical stability at elevated 

temperatures in the presence of hydrogen sulfide should be researched. This is necessary 

because the membrane is “thick” and a thinner membrane would enable quicker diffusion of 

hydrogen, enabling a faster flow gas, decreased capital cost from total equipment.  Material 

research will always be a task that needs to be tended to. 

A cost and economic analysis of operating a microreactor with an endothermic reaction taking 

place.  This would also look at the total capital required for different flow rates, physical 

dimensions, payback period and structural lifetime. It would be more likely that this would be 

applied to the field of steam reforming or thermal decomposition of hydrogen sulfide in sour 

natural gas. There is and has been more in the past, of removing hydrogen sulfide and using it as 

a potential source of hydrogen. There are many papers that mention using a microreactor for 

this application. This field is much more applicable than that of the Sulfur-Sulfur cycle because 

of the current demand.  

Kinetics of the steam reformation reaction is very important also, and could use further 

development.  There is no reverse reaction rate constant at the present time. This could be 

done in conjunction with building a microreactor as is discussed in the next section.  

Section 6.4   Potential membrane reactor 

It would be fairly easy and simplistic to construct a test microreactor, especially given the access 

and close vicinity of MBI.  This would work well for another master’s project. There are many 
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ways this can be accomplished, depending on what one has available to them in a means of 

facilities and time.   

The basic design of these membranes is a very thin metal supported by a frit. If a stainless steel 

frit is used, as opposed to a ceramic one, it is necessary to have some other nonmetallic ceramic 

barrier to prevent the metals from fusing at the high temperature. Obviously, this barrier should 

be highly porous.   

When considering a metal to use, palladium is reactive with H2S at high temperature but can be 

alloyed with silver, but this reactivity with hydrogen sulfide is not known.  The palladium silver 

alloy is much cheaper than platinum and works as an effective dense membrane at high 

temperature; the silver decreases the hydrogen embrittlement that can occur with palladium. 

Many articles recommend using palladium for hydrogen separation but unaware of its use in the 

presence of hydrogen sulfide, so it is necessary to be cautious of what a membrane reactor 

article is recommending. Use platinum, it is expensive but will not foul. During the experimental 

stage it is of the utmost important to get accurate results.  

I would recommend having two stainless steel blocks machined the same, having a 2 mm wide, 

10mm long and 0.6 mm in depth channel. After having created these features also mill in, ports 

for entry and exit gasses (2 per block), o-ring/gasket slots (using graphite), and screw holes. This 

could be the rectangular analogy to the figure 6.2.1 provided below.  
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Figure 6.2.1 Metal membrane reactor conceived by Edlund. 
44

 

It is necessary to treat any exposed stainless steel with some protective layer; Edlund used boric 

acid and heated to 800 °C.  

For membrane construction, there are a few routs that can be taken. To avoid the membrane 

metals touching the stainless steel, a graphite gasket and ceramic layer will be used. Secondly if 

there is no pressure differential between the feed and the sweep, an initial recommendation 

can be a thin layer of platinum, due to the shear ease and simplicity. If the membrane does not 

fare well at that high of a temperature there are other methods of membrane preparation. One 

interesting approach would be sintering submicron pieces of platinum into the support, using a 

stream of inert gas to create a pressure for the platinum against the support, all at elevated 

temperature, which is very similar to what Uemiya did.49. This however, is beyond the scope of 

this work.  When reflecting on membrane separation Uemiya offers great insight in that dense 

membranes offer superior selectivity and ceramic porous membranes offer higher permeability.  

As proposed by Uemiya, if one could take the best of both worlds by creating a different type of 

composite membrane – this could be very useful. The final type of membrane that I would 
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recommend attempting is the one that Edlund created.   This is the membrane that was 

mentioned in the mathematical modeling section (section 3.4).  
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APPENDICES 

APPENDIX A.1 Dimensionless numbers 

Dimensionless numbers are used to analyze many different systems and normalizing to the 

conditions present. This way one can tell if a system is under preforming and how to tweak 

conditions to fix it. Without the knowledge of the specifics about the system dimensionless 

numbers can still be used to analyze it effectively.  The numbers below often refer to the 

diameter, d, but this can be substituted for the length, l, depending on the application.  

Damkohler number: 

The Damkohler number is a relationship between the resonance time and the reaction time. 

Thus, the larger the Damkohler number the higher the resonance time compared to the reaction 

time, which yields a further extent of the reaction. As AuYeung states in his dissertation, a Da 

number of 10 or greater results in a conversion of 90% or greater.  

      
       
  

          

             
 

Reynolds Number: 

Reynolds number will indicate if turbulent flow is present.  If Re is greater than 2500, turbulent 

flow exists.  It is a ratio of inertial to viscous forces, which can be interpreted as total 

momentum transfer to molecular momentum transfer. Thus at low Reynolds numbers, 

momentum is transferred by collisions between individual molecules.  

   
   

 

       
  

                       

                           
 

Sherwood Number: 

The Reynolds number mass transfer analog is the Sherwood Number. The Sherwood number 

will show the ratio of total mass transfer to molecular mass transfer. This is important when 

analyzing situations where diffusion is crucial, such as in this situation where considering the 

diffusion in the reverse channel direction is important as well is the diffusion from the reaction 

zone to the membrane.  
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Octave Number: 

This number is currently unnamed. I will be refereeing to it as the Octave number for various 

reasons: I learned of it while reading one of his books, it has a great application to the chemical 

reaction engineering field where Professor Levenspiel had a great influence as well, I enjoyed 

both of his books I have read. Note, the D used here is not the diffusion coefficient, it is the 

dispersion number. This is a calculated number based on flow characteristics and geometry. In 

Levenspiels book, there is an excellent section on estimating the dispersion number, page 

68.2.52 

   
 

  
 
       
  

                                 

                    
 

 

It would be interesting to investigate how the Octave number changes with flow parameters, 

such as feed velocity. It seems that the dispersion would be reduced; however this likely could 

not be the case. There is great molecular motion at this level which results in a large degree of 

dispersion.  
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APPENDIX A.2 Thermodynamic Data 

The thermochemical data below was adapted from Barin.53  

Temperature 

[K] 
H2S H2O SO2 H2, S2 SO3 

1100 -90.25 -248.46 -361.79 0.00 -406.13 

1200 -90.39 -249.00 -361.64 0.00 -460.08 

1300 -90.46 -249.48 -361.47 0.00 -459.59 

1400 -90.47 -249.90 -361.30 0.00 -459.05 

1500 -90.44 -250.27 -361.11 0.00 -458.48 

1600 -90.37 -250.59 -360.93 0.00 -457.88 

1700 -90.27 -250.88 -360.74 0.00 -457.26 

1800 -90.16 -251.14 -360.56 0.00 -456.64 

1900 -90.02 -251.37 -360.38 0.00 -456.02 

2000 -89.88 -251.58 -360.21 0.00 -455.40 

Table A.2.1 Heat of Formation, ΔHf, [kJ/mol] for Steam Reformation Species at 1 atm.
36 

 

Temperature 

[K] 
H2S H2O SO2 H2, S2 SO3 

1100 -36.03 -187.17 -281.32 0.00 -321.95 

1200 -31.09 -181.57 -274.01 0.00 310.20 

1300 -26.15 -175.93 -266.72 0.00 -293.57 

1400 -21.20 -170.26 -259.43 0.00 -277.00 

1500 -16.25 -164.56 -252.16 0.00 -260.47 

1600 -11.31 -158.83 -244.91 0.00 -243.99 

1700 -6.37 -153.09 -237.66 0.00 -227.56 

1800 -1.44 -147.33 -230.43 0.00 -211.18 

1900 3.49 -141.56 -223.20 0.00 -194.83 

2000 8.41 -135.77 -215.99 0.00 -178.53 

Table A.2.2 Gibbs Energy of Formation, ΔGf, [kJ/mol] for Steam Reformation Species at 1 atm 
36
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APPENDIX A.3  Brief Review of Vector Calculus Operators  

There are many vector calculus operators that are used in this thesis; it may be helpful to have a 

reference of their meanings and function outputs. So here is a quick review of one used in the 

computational model.  

Curl 

The curl is a vector operator that describes the smallest infinitesimal rotation about a point.  

When given a scalar field, it returns a vector field showing the degree of rotation about points.  

As shown by equation A.3.1 below, it is the rotation in a plane about the normal vector/axis.  

Divergence 

The divergence is a vector operator that measures the magnitude of a vectors field’s source or 

sink at a given point, in terms of a single scalar value. It takes the derivative of each individual 

component of that function with respect to that direction, as shown below in equation A.3.2.  

The result is a scalar which can be used to apply a continuity condition when set to zero, thus no 

generation or consumption.  

Gradient 

The gradient is a vector derivative of a scalar field which obviously results in a vector. It is 

essentially a measure of the greatest magnitude of rate of change and an associated direction. 

As shown below by the equation A.3.3. The product vector points in the direction of greatest 

change, vectors point to the higher values. 
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APPENDIX A.4 Hydrogen diffusion coefficients in metals 

Below in figure A.4.1 are hydrogen diffusion coefficients in different metals over a temperature 

range.  The sources shown are not relevant to this thesis, see Wipfs review article it is an 

excellent resource for numerous experimental diffusion coefficients.  

 

Figure A.4.1 
50

 Arrhenius plots for diffusion coefficient of hydrogen    


