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This experiment is the study of a simulation of hydrogen sulfide (H2S) removal using a gas absorption tower. Gas absorption towers are used often in industrial removal of specified gasses, including H2S. A computer simulation program known as Chemical Engineering CAD was used to simulate the reaction between landfill gas and an amine solution. There was not a bubbling tower on the Chem CAD program, so a different simulation within Chem CAD was used to create a counter current flow of gas and amine solution. Because the program was not specified for the purpose that was needed, the results from running the simulation showed an insignificant removal of H2S. The reason that the results showed no H2S removal was most likely that the program did not work, as opposed to the gas absorption tower failing. If a future test were to be conducted, it should most likely test the actual ability to remove H2S with an amine solution.
Introduction

The goal of this study is to discover a method to remove sulfur from the gas of the Coffin Butte Landfill near Lewisburg, Oregon. The Coffin Butte Landfill produces about 1375 CFM (cubic feet per minute) of gas from the decomposition of organic materials. This gas contains about 60% methane and 40% carbon dioxide. There is also about 500 ppm (parts per million) of hydrogen sulfide in the landfill gas. Currently, 900 CFM are used to run AC generators to produce energy. The remaining gas (475 CFM) is burned through a flare with no energy recovery. The ultimate goal of this project is to utilize the wasted gas to produce energy through a solid oxide fuel cell. The problem is that a fuel cell cannot function with the existence of sulfur compounds such as hydrogen sulfide. Hydrogen sulfide (H2S) is a colorless gas that has a scent similar to that of rotten eggs. It is very corrosive, and can become dangerous relatively low levels. At 300ppm (parts per million) hydrogen sulfide causes people to lose their sense of smell, and at 600ppm breathing is inhibited (Gayman). It is because of this that the hydrogen sulfide cannot be simply removed and released into the atmosphere. Other groups in this project are focused on the removal of H2S through silica gel or a bacterial process. This study, however, is to find an alternative method for H2S removal. One existing method for removing H2S from a host gas is a gas absorption tower.

A gas absorption tower is a way to remove unwanted gasses from a host gas by bubbling the gas through a liquid solution. When the gas is bubbled through the liquid, the unwanted gas is absorbed into the solution. Therefore, when the gas bubble reaches the top of the liquid, the bubble pops and allows the desired gas to escape, leaving the unwanted gas behind in the solution. The unwanted gas is able to escape the bubble using Henry’s Law. The idea behind Henry’s law is that all gasses want to be in equilibrium. Therefore, when a bubble travels through a liquid, gas will escape the bubble so that the bubble and surrounding liquid will have the same amount of the gas and will be in equilibrium. The bubble wall, however, prohibits the gas from freely escaping the bubble. Henry’s law says that the amount of gas that can transfer from the bubble to the liquid depends on certain circumstances. The formula for Henry’s Law is:  c = kP, where c is the amount of gas that will transfer, P is the pressure of the gas over the solution, and k is a constant of solubility which depends on the gas and the liquid that are reacting (Chang, 477). According to this formula, the amount of gas that is absorbed is proportional to the amount of pressure between the gas and the liquid. Therefore, a higher pressure means a greater solubility. It is also important to find a liquid that will have a relatively high k value for H2S. In most gas absorption towers, water is used as the solution because it has a strong ability to absorb gas. In dealing with acidic gasses, however, water has a low k value (Sethna, 5703). In our case, the k for water value is higher with methane than H2S, because H2S is an acidic gas. Amine solutions, such as triethanolamine and monoethanolamine are typically used for the removal of H2S because they have a much higher k value with H2S than water does (Shethna, 5704). 

There are certain factors in the gas absorption tower that enable it to be used at the Coffin Butte Landfill. According to Chemical Engineering magazine, an amine absorption unit has a medium capital or initial spending, while operating costs are low once the unit is working (Nagl, 126). Another important factor is that the k value for methane in an amine solution is relatively low, meaning that much of the methane would be able to escape the solution and then be used in a fuel cell. One problem, however, is that amine absorption units are typically used with commercial emissions. This means that the unit would most likely have to be downsized to fit the needs of Coffin Butte.

There are several positive outcomes for researching this topic. If a working unit can be discovered, then it can be applied to Coffin Butte, potentially providing the area with a clean and convenient source of energy. Our project is important for other reasons as well. Should our results show that a gas absorption tower cannot be adapted for a currently unknown reason, it would still be more knowledge toward changing the wasted landfill gas into energy. 


We believe that the gas absorption tower is adaptable for the Coffin Butte landfill for multiple reasons. First, it is logical that the reaction would take place on a small scale just as it does on a larger scale as in industry. Second, it is known that it works on a larger scale (Nagl, 126). 
Methods


ChemCad is a computer program that allows the user to simulate experiments in the fields of chemistry, physical chemistry, spectroscopy and biochemistry (Chemcad).  How it works is there is an empty experimental space that the user can place simulated objects, such as chemical towers, resistors and other such environments in which chemical reactions happen.  After the environment is selected, the user can pick different components to insert into the environment.  The user then changes variables either inside the environment, about the components, or both.  These variables include temperature and pressure of the components, the ratio of the components, the amount of components, the number of inserts and extractors to the environment, the size of the environment, the pressure and temperature at which the environment works, and many other options.  After the user is satisfied with the current settings, the user can simulate the outcome.  The program will then tell you what the extractors will be, as precise as what percentage of each component goes to which extractor.  However, ChemCad is still just a simulation, and does not officially prove anything; it is just using the best logical estimating to determine what the outcome of the desired experiment will be.  


Due to not being able to construct a bubbling tower, the next best and effective option for the Coffin Butte project was to use a ChemCad system similar to one mentioned in the previous paragraph.  It would be able to determine whether or not a gas absorption tower is a viable other mean for gas separation.  This would be a much more economically and time efficient means of experimenting rather than purchasing all of the materials for the tower, including the rather expensive solution, constructing the tower itself, which would take considerable time and there is no information on how to construct such a tower.  ChemCad seemed like a much better fit for the Coffin Butte project. 


There is a ChemCad program in Gleeson Hall, the chemical engineering building at Oregon State University.  Before using ChemCad, the user must be introduced to the software, given us the background of the system and the basics on how to operate the program in order to be effective with the program.  After that the user experiment on their own to see what would be the most effective way to perform their experiment, like how to extract the most hydrogen sulfide while costing the least, for example.  The only trouble was our group was currently researching the gas separation by means of a scrubber, a certain kind of gas absorption tower.  It appeared that this version of ChemCad (version 5.4.0, copyright 2004) did not have a gas scrubber tower as an option for an experimental environment.  There were a couple of options that seemed to be similar, but each of these had sub-options for different towers, leading to fifteen different tower choices.  This was too many large variables.  The solution was to use the most common tower in each of the main categories, to see if we could get a feeling for what the rest of the towers in that category would do.  With working with only two towers now instead of fifteen, there would be a lot less confusion and stress, even though these towers were still not quite what were needed to be the most accurate.   


After selecting an environment, deciding on what components would be fed into the tower is the next step.  First, of course, would be the landfill gas.  It is difficult to write in numbers of the percentage of the components landfill gas; no one is sure what the actual percentage is, but the user can make their best logical guess.  This can be used this as a variable and changed the numbers of the methane, carbon dioxide, and hydrogen sulfide to determine what would work best with certain amounts of different gasses.  The other component put into the tower would be the compound that separates the gas.  This was the biggest variable in the experiments.  There are many different compounds that, if the user has done their research, have worked in other situations, such as water, monoethanolamine, triethanolamine, and other similar compounds (Towler).  The slight alterations in the combinations of these compounds would have tremendously different outcomes in the extractions.  


After having the selected tower and components put into place, the user can then make other changes throughout the experiments.  Some of the biggest options that made large overall alterations were the pressure of the components entering the tower, and the temperature at which the components entered the tower.  Some other options that seem to play a big factor in the outcome of the extractors are the temperature and pressure at which the tower works.  After a run through, or when the computer has given information about what would happen under the current circumstances, the user can then go back and make any changes to see how the result would differ.  For instance, if the user ran an experiment where the temperature inside the environment was seventy degrees Fahrenheit, and the outcome resulted in twenty-eight percent of the hydrogen sulfide going to the upper extractor, the user might go back and change the environmental temperature to eighty degrees Fahrenheit to see what changes would have happened.  


ChemCad proves to be an effective way to simulate an experiment, but it is obviously no where near as productive as actually performing the experiment.  The computer program cannot account for everything, and the physical experiment will prove that is what would actually happen, because who knows, there could be some sort of glitch in the computer program.  Nevertheless, results from ChemCad can be compared and used as data, preferably secondary, to backup an experiment or hypothesis.  Conclusions from this program can prove to be helpful, so results should be collected, analyzed, and compared.    

Results
Inserted gas - stable
	Beginning Gas (pounds/hour)

	Nitrogen – 51018.29

	Carbon Dioxide 56147.9

	Methane – 292170.9

	Hydrogen Sulfide – 124115.7


Beginning gas amounts (used with all experiments mentioned)

Atm.  1 = the atmosphere of the Earth



Extracted Gas

	Not Removed Gas (pounds/hour)

	Nitrogen - 51017.95

	Carbon Dioxide - 560838.3

	Methane - 292166.1

	Hydrogen Sulfide - 123.9757


Ratio: Triethanolamine – 100%

Atm.  10

Temp. 76.73°F

	Removed Gas (pounds/hour)

	Nitrogen - .3367344

	Carbon Dioxide – 223.3678

	Methane - 4.335386

	Hydrogen Sulfide – 141.3159


Ratio:
Triethanolamine – 50%

Monoethanolamine – 30%

Hydrogen peroxide – 20%

Atm.  10


Temp.
76.73°F

	Removed Gas (pounds/hour)

	Nitrogen - .6551968

	Carbon Dioxide – 545.084

	Methane – 8.326113

	Hydrogen Sulfide – 284.8145


Ratio:
Triethanolamine – 50%

Monoethanolamine – 30%

Hydrogen peroxide – 20%

Atm.  10


Temp.
30.0°F

	Removed Gas (pounds/hour)

	Nitrogen - .4485692

	Carbon Dioxide – 421.3857

	Methane – 6.061045

	Hydrogen Sulfide – 134.6738


Ratio: Monoethanolamine – 100%

Atm.  10

Temp. 76.73°F

	Removed Gas (pounds/hour)

	Nitrogen - .654

	Carbon Dioxide – 544.7324

	8.322302

	Hydrogen Sulfide – 284.0278


Ratio:
Monoethanolamine – 100%

Atm.  10

Temp.  30.0°F

	Removed Gas (pounds/hour)

	Nitrogen – 1.19816

	Carbon Dioxide - 1037.364

	Methane – 15.50878

	Hydrogen Sulfide – 511.0388


Ratio: Monoethanolamine – 100%

Atm.  10

Temp.  0.0°F

	Removed Gas (pounds/hour)

	Nitrogen – 1.977884

	Carbon Dioxide – 1625.297

	Methane – 26.51157

	Hydrogen Dioxide – 810.7404


Ratio: Monoethanolamine – 100%

Atm.  10

Temp. -20.0°F

	Removed Gas (pounds/hour)

	Nitrogen – .63528

	Carbon Dioxide – 419.967

	Methane – 5.8355

	Hydrogen Dioxide – 130.7719 


Ratio: Water – 100%

Atm.  10

Temp.  76.73°F

	Removed Gas (pounds/hour)

	Nitrogen - .3410763

	Carbon Dioxide – 230.7671

	Methane – 4.384161

	Hydrogen Dioxide – 143.7217


Ratio: Water – 25%


Triethanolamine – 50%


Monoethanolamine – 25%

Atm.  10

Temp.  76.73°F

	Removed Gas (pounds/hour)

	Nitrogen - .03402674

	Carbon Dioxide – 27.84899

	Methane – 4.384161

	Hydrogen Sulfide – 143.7217


Ratio:
Water – 25%


Triethanolamine – 50%


Monoethanolamine – 25%

Atm.  1

Temp.  76.73°F
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 Discussion

According to our data, the amine solutions did not remove effective amounts of H2S from the host gas. In the best situations, only a minute amount of H2S was removed. This does not support our hypothesis that the amine solutions would be able to remove the H2S so that the gas could then be used. The reason for this is most likely that the computer program was unable to simulate a system such as a gas absorption tower. There is not a bubbling tower on the Chem CAD software. There is only the ability to run the gas and the liquid counter currently, which may not allow the reaction to take place. The results from the Chem CAD software not only contradict our intuitive beliefs, but they contradict our research. 

The results from the software show that the amount of H2S removed was close to the same when water was run through the system as when the amine solutions were run through. This contradicts the thought that H2S is less soluble in water than it is in the amine solution. According to the k values for Henry’s law that were found the amine would absorb the H2S much easier than the water would. One explanation for this is that the computer program read our input for the landfill gas as if it were a liquid. If two liquids were flowing counter currently, then the system would work like a mixer and may have products similar to the products in our results. 

Some trends that were found, although unsubstantial amounts of H2S were extracted, supported the research that was done before the simulation was performed.  The trends that were in the results suggested that as pressure went up, so did the amount of H2S that was absorbed. This supported our research because in Henry’s law, the amount absorbed is proportional to the pressure under which the reaction takes place (c = kP, c~P). If the reaction was taking place between two liquids, however, this would also be true. If the pressure is higher, then there are more molecules interacting with one another than if the pressure is low (Chang, 476). Another trend was that as the temperature went down, the amount of H2S absorbed went up. This supports our research regarding the ability of liquids to absorb gasses. For instance, in a lake on a warm day, the fish tend to stay at the bottom. This is because the molecules are moving faster when the water is warmer, and fewer molecules are able to occupy the same amount of space. The fish stay at the bottom of the lake because there is more oxygen for them to breath, just as there would be more H2S in a solution if the temperature is colder. The fact that these two trends support the research suggests something important about the simulation results. Although the simulation did not remove the needed amounts of H2S, the principals behind the gas absorption tower may still be true. The lack of H2S removed could be because an alternative method was created that was not exactly a gas absorption tower. It could also be because the simulation did not allow for a complete reaction to take place that the needed amounts of gasses were not removed. Whatever the reason, the results model some of the findings, suggesting that the rest of our findings could be true with a proper gas absorption tower. If an experimental trial was created in the real world, then a gas absorption tower could be successful. 

The next step in the effort to remove H2S from the landfill should be to construct a gas absorption tower. This should test the ability of an amine solution to remove H2S in practice. These results are important because they will show whether or not a gas absorption tower could be used at the Coffin Butte Landfill. If these results show that H2S can be absorbed appropriately, then the final step will be to create a working gas absorption tower. To create a continuously functioning gas absorption tower, the following specification should be considered. A proper gas absorption tower should consist of two towers, one for removing the H2S from the landfill gas, and another for cleansing the solution. As our results show, the first tower will function best at a high pressure and low temperature. From the first tower there will be two continuous exit flows, one of the purified gas and one of the H2S rich solvent (see fig. 1). The exit gas can be used in fuel cell, but the solvent must be cleansed so that it can be reused. The second tower works best at a lower pressure and higher temperature because a gas is being removed, so opposite principals apply (Shethna, 5315). Between the two towers, the solvent should go through a heat exchanger to raise the temperature for the second tower. As the second tower functions, it will also have two products. The first product will be a clean solution that can be cycled back into the first tower. The second product is the unwanted gas, consisting primarily of H2S. Before the clean solvent can be placed back into the first tower, it must go through a cooling unit to lower the temperature for the first reaction. Because the solution can run in a cycle instead of utilizing a batch process, the entire gas absorption unit could potentially run effectively with a very low amount of maintenance. 

In conclusion, the hypothesis partially matched our results. The unit that was created for the simulation did not remove the necessary amount of H2S, but the trends of pressure and temperature did match the predictions. This suggests that if a proper unit was created, then it might function as was predicted. 
Fig. 4
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